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 Alumina is an interesting ceramic material due to its excellent mechanical high 
temperature strength, high hardness, high creep resistance, thermal and chemical stability. 
However, its low fracture toughness, low thermal and electrical conductivities are the 
major limitations of the utilization of alumina for structural and functional applications. 
Several efforts have been devoted to the improvement of the fracture toughness of 
alumina but little work have been done on the effect of addition of second nanophase SiC 
and carbon nanotubes (CNTs) on its electrical and thermal performance.  
In this current work, alumina was reinforced with 5wt% and 10wt%SiC nanoparticles by 
spark plasma sintering process to produce Alumina-SiC nanocomposites. At the same 
time alumina was reinforced with 1wt% and 2wt% functionalized multi-walled carbon 
nanotubes (MWCNTs) which was also consolidated by SPS at the same conditions to 
produce alumina-MWCNT nanocomposites. Densifications, thermal and electrical 
properties of the nanocomposites were studied and the relative density of the 
nanocomposites was found to decrease with the addition of the nanophase to alumina but 
xv 
 
increase with SPS temperature. The thermal properties of alumina decreased with the 
addition of SiC nanoparticles and functionalized MWCNT although, electrical properties 
of alumina increased tremendously with the inclusion of SiC nanoparticles and 
MWCNTs. Thermal properties (thermal diffusivity, specific heat capacity and thermal 
conductivity) at elevated temperature were evaluated in the temperature range (25-250ᵒC) 
and the value of thermal diffusivity and thermal conductivity decreased with the 
measuring temperature while that of specific heat capacity increased with the increasing 
measuring temperature. The microstructure of the nanocomposites confirmed the 
reduction in the thermal properties of the nanocomposites with the increasing contents of 
the nanophase. 
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 ملخص الرسالة
 
 
 ابراهيم مومهج يموه :الاسم الكامل
 
 السلوك الحراري و الكهربائي لمركبات الألمونيا النانوية :عنوان الرسالة
 
 علم و هندسة المواد التخصص:
 
 6102 مايو :تاريخ الدرجة العلمية
حرارة  اتدرجبسبب امتلاكها خواص ميكانيكية متميزة عند مثيرة للاهتمام الالسيراميك  وادم ي احدالألومينا ه
. ومع كيميائيو حرارياستقرار صلابة عالية، مقاومة عالية للزحف، وقوة كبيرة الميكانيكية، مرتفعة و كذك لديها 
القيود الرئيسية  للألومينا، هما منالحرارية والكهربائية  موصليةلا انخفاض و منخفضةفإن متانة الكسر ال، ذلك
ن ، لككسر الألومينامتانة لتحسين الجهود  كريس العديدتتم  لتطبيقات الهيكلية والوظيفية. ا في ستفادة من الألوميناللإ
وأنابيب الكربون النانوية  نالسيليكو كربيد طور ثانوي بحجم النانو من  تأثير إضافة دراسةب قليل من الدراسات عنيت 
 للألومنيا. الأداء الكهربائي والحراري علي(الأنابيب النانوية الكربونية) 
النانوية السيلكون كربيد جزيئات  نسبة حجم من ٪01٪ و5 بإضافةالألومينا مادة ز يتعز تم في هذا العمل الحالي،
، تم تعزيز . في نفس الوقتالسيلكون كربيد –ألومينامركب البلازما لإنتاج  عن طريق شرارةد يتلبالبواسطة عملية 
و ايضا تم استخدام  متعددة الجدرانالفعالة النانوية  الكربون أنابيبنسبة حجم من  ٪2 ٪ و1 بإضافةالألومينا  مادة
النانوي. تم  متعددة الجدران الكربون أنابيب -لومينامركب الأفي نفس الظروف لإنتاج شرارة البلازما لتلبيد المركب 
الكثافة النسبية قد وجد أن  وللمركب النانوي الجديد الكهربائية ، و الخواص ، الخواص الحراريةدراسة التكثيف
 و قد تقرر أيضا أن .عملية التلبيدجة حرارة در زيادةتزيد مع ولكن  ،الألوميناة طور ثانوي مع إضاف لمركب تقلل
 متعددة الجدران الكربون أنابيبجزيئات كربيد السيلكون و جزيئات  ضافةمع إتنخفض لألومينا لالحرارية  واصالخ
 iivx
 
كربيد السيلكون و جزيئات  جسيمات مع إدراج تزيد بشكل عاليالخواص الكهربائية  أن على الرغم من النانوية،
النوعية،  السعة الحرارية، ةحراريال يةنتشارالإتم تقييم الخواص الحرارية (النانوية.  متعددة الجدران الكربون أنابيب
درجة مئوية)، و قد تقرر أن  052 – 52ة (ارة مرتفعة في نطاق درجات الحرار) عند درجة حرةالحراري يةلوصموال
مع تزيد  النوعية ةالحرارمع قياس درجة الحرارة في حين أن تنخفض والموصلية الحرارية  ةحراريقيمة الأنتشارية ال
إزدياد ع مركب منخفاض في الخواص الحرارية للالإمركب المجهرية للالبنية دت زيادة قياس درجة الحرارة. أك
 .الطور النانوي محتوي
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1 CHAPTER 1 
INTRODUCTION 
The processing and fabrication of nanocomposite materials is a developing field refer to 
as nanotechnology which involves the production of bulk material with crystalline size 
less than 100nm with superior mechanical and functional properties as compared to 
microcrystalline or bulk composites[1]. Ceramics generally have high hardness, high 
stiffness and excellent thermal stability but its inherent brittleness hampers its use in 
structural applications[2]. Several techniques have been deployed to improve the 
mechanical properties of Nanocrystalline ceramic by homogenous dispersion of second 
phase nanoparticles into the ceramics matrix to achieve nanocomposite ceramic 
material[3]. 
Alumina is one of the most commonly used ceramics in the industry due to its excellent 
mechanical hardness, chemically inert and good thermal/electrical insulation properties. 
Various industrial applications of alumina include dental implants, wear resistant parts 
and high-speed cutting tools[4,5].  The advanced structural and aerospace space 
utilization of alumina such as aircraft engine parts, rocket material and high-temperature 
cutting tools require not only the mechanical properties but appreciable thermal and 
electrical performance are also necessary. Despites high hardness and compressive 
strength of alumina, its intrinsic low fracture toughness and low thermal or electrical 
properties have limited its usage in structural and functional applications. Cracks easily 
propagate in ceramics and as such unexpected failure usually occur when placed in 
service and sometimes the failure could happen catastrophically on the application of 
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small impact load even though the load is lower than the yield strength of ceramic 
material. It was Niihara in 1991 who first reported that the fracture toughness of alumina 
could be improved by the addition of nanoparticles of SiC to alumina matrix[6]. 
Significant improvement in the mechanical strength of 1.05GPa and fracture toughness of 
4.7MPam1/2 were reported by Niihara. These exceptional mechanical properties of 
Alumina-SiC nanocomposites according to Niihara was attributed to the reduction in 
processing flaws and the overall refinement of the microstructure. However, these results 
reported by Niihara have not been reproduced by other researchers[6].  
Continuous improvement in fracture toughness and thermal properties of alumina is vital 
in the field of high speed cutting tools applications. Specifically speaking, there are 
certain properties which any ideal cutting tools material should possess so as to perform 
its functions. These properties include: high hardness, toughness, hot strength and 
appreciable thermal conductivity. The low fracture toughness and low thermal 
conductivity of alumina increases its susceptibility of the alumina cutting tools to damage 
by thermal shock related failure. Several researchers have confirmed that addition of 
second phase nanoparticles of titanium carbide (TiC), Silicon nitride (Si3N4), Titanium 
boride (TiB), Titanium carbonitride (Ti(C,N)), silicon carbide (SiC) and carbon 
nanotubes (CNT) to alumina has significant improvement on the fracture toughness as 
well as its thermal conductivity[7]. Among the nanoparticles and fibers reported; SiC[8] 
and CNT[2] have proven to be better candidates in improving the thermal conductivity of 
alumina because of their intrinsic high thermal conductivity. Besides, the addition of SiC 
and CNT to alumina was found to increase the electrical conductivity of the alumina due 
to the formation of interconnected continuous conducting networks in the nanocomposite. 
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SiC addition to Al2O3 matrix enhance the fracture toughness as well as its thermal shock 
resistance[9,10]. Al2O3-SiC composites display higher strength and hardness than 
unreinforced alumina matrix[11]. The significant improvement in strength and fracture 
toughness of Alumina-SiC composites was attributed to reduction in the processing 
flaws, change in fracture mode from intergranular to transgranular, crack bridging and 
crack deflection due to SiC addition. Besides, the thermal coefficient expansion and 
elastic modulus mismatch between SiC and alumina matrix which result in the generation 
of dislocations also contributed to the enhancement in the mechanical properties[12,13]. 
 The cutting performance of commercial tools and alumina-SiC composites have been 
studied by Ko et al[14]. According to Ko et al. alumina containing 10wt%SiC has the 
best cutting performance for machining heat treated AISI4140, while alumina containing 
5wt% SiC composite exhibit the best cutting performance for machining grey cast iron. 
Thus, tool life of alumina containing 10wt%SiC and 5wt% SiC was 7times and 1.5times 
longer than that of commercial tools (Al2O3-TiC and Al2O3-TiB) on machining heat 
treated AISI and grey cast iron respectively. Again, when the SiC content increase 
beyond 10wt% in alumina, the cutting performance reduce and Ko et al. concluded that 
the decrease in cutting performance with increasing SiC content was due to the chemical 
reaction which occur between SiC and Fe during machining at high speed. 
The need for cutting tool material with high mechanical and functional performance has 
spurred the scientists and researchers to develop and improve on exist known cutting tool 
materials. addition of nanoparticles of SiC can improve significantly on the mechanical 
properties of alumina matrix[15,16]. The discovery of carbon nanotube by Iijima in 1991 
has created opportunity to improve the mechanical and functional properties of ceramics 
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materials. The mechanical properties of alumina/SiC and alumina/CNT nanocomposites 
have been reported in literatures but little has been done in the area of thermal and 
electrical properties of alumina/SiC and alumina/CNT nanocomposites even though 
thermal conductivity is essential for maintaining the integrity of alumina in cutting tool 
application so as to reduce thermal shock related failure. To the best of our knowledge, 
limited works have been done on the thermal and electrical behavior Al2O3/SiC and 
Al2O3/CNT nanocomposites with low percolation threshold of reinforcement phase. For 
instance, Parchoviansky et al.[17] reported appreciable improvement in thermal 
conductivity of Al2O3/SiC nanocomposite with 20vol% SiC nanoparticles. Also, Borrell 
et al.[18] reported improvement in electrical conductivity at 17vol% SiC while Kumari et 
al.[19], revealed significant improvement in thermal properties of CNT/Al2O3 
nanocomposite with 7.3wt%CNT. 
1.1 Problem Definition 
Ceramics cutting tools have been identified as the right candidate tools for machining of 
various metallic materials for about 50 years ago however, there low fracture toughness 
and low thermal shock resistance have limited their widespread use. Among the 
prominent mechanical properties, strength and hardness are vital for the machining 
performance of cutting tools. As the strength of material is increased, larger cutting force 
is required and this raise the temperature within the cutting zone thereby making the 
material more difficult to cut. The conventional cutting tools such as high-speed steel 
(HSS) and carbide tool were considered ideal cutting tool materials[20]. The inability of 
HSS tool to maintained its mechanical hardness and strength at elevated temperature and 
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the chemical affinity of carbide tool material for the workpiece have made them 
unsuitable for the development of cutting tool operating at high speed[21]. 
Polycrystalline diamond (PCD)[22] polycrystalline cubic boron nitride (PCBN)[23] 
which are the hardest and the second hardest materials respectively on earth with 
outstanding high hot hardness and high temperature strength are primarily used for 
machining hard-to-cut materials. They are capable of operating at high speed without 
losing their mechanical integrity but their high tooling cost have made them economically 
inefficient and widespread application. Ceramics tools which are mainly alumina (Al2O3) 
silicon nitride (Si3N4) and sialon-based are capable of retaining their hardness at elevated 
temperature although their low fracture toughness and low thermal conductivity are the 
current limitations of their wide applications[24]. However, the possibility of adding high 
thermal conductivity materials to ceramics can significantly improve the fracture 
toughness and thermal conductivity by careful control of the microstructures and 
compositions leading to creation of ceramic tools capable of machining various materials 
at high speed[25]. 
1.2 Motivation/Objectives 
The need to develop cutting tool materials with high mechanical and functional 
performances with relatively low cost has been goal of manufacturing engineers and 
scientists. The advent of nanotechnology has provided opportunities to increase the 
performance of existing devices through the use of nano-size particles. The mechanical 
performance of nanostructured ceramic materials has been studied over the years but little 
work has been done on its thermal and electrical behavior even though these properties 
are vital in some specific applications such as high speed cutting tools. Nanocrystalline 
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structures contain large grain boundaries and the interaction of the grain boundaries with 
dislocations could improve the mechanical properties of the material. However, the effect 
of this large grain boundaries have not been investigated in terms of the functional 
performance of the material. Again, spark plasma sintering of ceramics nanocomposites 
have been proved to be effective in the microstructural control of the final product 
through the formation of fine microstructures. Taken the advantages of the use of 
nanoparticle addition to ceramics based matrix; SPS consolidation is expected to 
fabricate a component of better performance. The goal of this research is to study the 
thermal and electrical properties of Alumina-SiC and alumina-carbon nanotubes 
nanocomposites. The main objectives of the investigation were to process and fabricate 
nanocomposites from the starting nanopowders and study the influence of spark plasma 
sintering on electrical and thermal behavior of the sintered nanocomposites. The main 
application of the fabricated nanocomposites is in the development of cutting tool for 
high speed machining. 
1.3 Outline 
Chapter two provides detailed literature review on the processing of nanocomposites, 
mechanical properties, thermal and electrical properties of Alumina-SiC and Alumina-
CNTs nanocomposites. Chapter three is devoted to the materials and methodology used 
in carrying out the experimental parts of this work. Results and discussion is presented in 
chapter four starting from the relative density of the monolithic and nanocomposites 
down to the microstructural evaluation. 
 Chapter five deals with the conclusion and recommendations, and that ends the thesis. 
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2 CHAPTER 2 
LITERATURE REVIEW 
3 Nanocomposite is defined as a type of composite system which consists of a matrix 
and homogenous disperse phase with at least one dimension less than 100nm[26]. 
Ceramic matrix nanocomposites (CMNC) are widely used both in academia and 
industry due to their unique properties offer by the high surface area to volume ratio 
of their nano-disperse phases. The exceptional properties (mechanical, electrical or 
thermal properties) of ceramic nanocomposites are highly influenced by the 
dispersion state and the quality of the interface formed between nanoparticles or 
nanofibers and the ceramic matrices[7]. 
4 Synthesis and fabrication of nanocomposite is still a major challenge facing the 
development of nanotechnology. As the size of the particles become reduce the 
surface area of the particles increases and this in turn increases the surface energy of 
the particles thereby leading to agglomeration[27]. The agglomeration of 
nanoparticles usually results in inhomogeneous distribution of the reinforcement 
phase which can significantly affect the performance of the resulting 
nanocomposites[28]. Several methods such as shear mixing, mechanical 
alloying/mechanical milling, sonication and in situ polymerization have been device 
to reduce agglomeration of nanoparticle during powder processing. Combinations of 
the above techniques are usually employed in the dispersion of nanoparticles in the 
ceramic matrix to achieve homogenous powder prior to consolidation. 
5 Consolidation of nanocomposites is an important stage in the nanocomposites 
processing. Conventional consolidation techniques which include hot isostatic 
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pressing, hot pressing, cold isostatic pressing, have been used over the years for the 
sintering of nanocomposite powders. These techniques have some limitations such as 
longer sintering time and higher sintering temperature that leads to grain growth which 
result in degradation of mechanical properties. Nonconventional consolidation 
methods such as spark plasma sintering (SPS) which is also known as field assisted 
sintering (FAST) and microwave sintering are novel sintering techniques that combine 
the advantages of high heating rate and relatively low sintering temperature. SPS due 
to its high heating rates, relatively low sintering temperature for shorter time, high 
densification and lack of pre-compaction has made it an ideal technique for 
nanopowders consolidation. SPS technique has offered a means of controlling the 
microstructure of nanocomposites and retains their nanofeatures[29].  
2.1 Synthesis and Processing of Ceramic Nanocomposites 
2.1.1 Powder Processing 
6 Powder processing is the first step in the ceramic nanocomposite processing and it is 
the most common manufacturing technologies due its ability to economically produce 
and fabricate complex components of high quality from many materials. High surface 
area to volume ratio of nanopowders is one of the important characteristics which 
lead to behavior that lies between solid and that of fluid. There are various techniques 
used in the preparation of nanopowders and this includes: sol-gel processing, reactive 
synthesis, mechanical alloying, chemical precipitation and gas atomization. Among 
the techniques, mechanical alloying is the mostly widely used for ceramic 
nanopowders processing. 
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2.1.2 Mechanical Alloying 
7 The technique of Mechanical alloying or mechanical milling is used for homogenous 
production of materials from elemental powders. This technique which was invented 
and developed by John Benjamin and his colleague in 1966 at the research laboratory 
of the International Nickel Company (INC) as a result of their search for nickel-based 
superalloy for high-temperature strength, corrosion and oxidation resistance 
application in gas turbine engine[30] Mechanical alloying mechanism for powder 
processing involves repeated fracturing, cold welding, and rewelding of powder 
particles in a high-energy ball mill. In literature, Mechanical Alloying (MA) and 
Mechanical Milling (MM) are two different terms normally used to describe powder 
processing in high-energy ball mills. MA involves milling of powder mixture which 
includes transfer of material to obtain a homogenous powder mixture while 
mechanical milling describes the milling process that does not involve transfer 
material for homogenization of powder mixture[31]. The procedure of MA begins 
with mixing of the powders in the correct composition and then packing the powder 
mixture in the milling container in addition with the grinding medium (milling balls). 
The mixture is ground for a given period of time until a steady state is attained when 
the powder composition is almost the same as in the starting powder mixture. The 
most paramount components of MA thus include the raw materials (elemental 
powders), the mill and the process variables. Planetary ball mill (figure 1a) is a 
popular mill for mechanical alloying experiments in which certain amount of powder 
is milled for a given time. The mill owed its name due to the planetary-like 
movement of its vials. The grinding vials as well as the balls exists in eight different 
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materials- agate, nitride, silicon carbide, sintered corundum, zirconia, chromate steel, 
Cr-Ni steel (stainless steel), tungsten carbide and plastic polyamide[30]. 
8  
9 Figure 1 (a) Planetary ball mill (b) Probe sonicators [30,32] 
2.1.3 Ultrasonication 
Ultrasonication involves application of ultrasound energy to stir particles of powder in a 
particular solution. This is achieved in laboratory using an ultrasonic probe as shown in 
figure 1b. Ultrasonication is the most frequently used techniques for the dispersion of 
nanoparticles. During ultrasonication, ultrasound is propagated through a series of 
compression and attenuated waves which are transferred in the molecules of the medium 
through which it is propagated. The shock waves produced assist in the de-agglomeration 
of individual nanoparticles and this result in detaching of individualized nanoparticles 
from the bundles or agglomerates[33]. To avoid damage to CNTs particularly when using 
probe type sonicators, dispersion of CNTs should be carefully done and proper selection 
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of sonication parameters are necessary as extreme sonication result in destruction of 
graphene layers of CNTs. Eventually CNTs are transformed into amorphous carbon. As 
such, the damaged CNTs result in deterioration of mechanical alongside electrical 
properties of CNT nanocomposites[34]. 
2.2 Powder consolidations 
Consolidation of powders consists of assembly of powder particles in a monolithic 
product so as to obtain a desired geometry, structure or property. Consolidation processes 
depend on the application of energy (mechanical, chemical and thermal) to effect 
bonding of powder particles. Nanopowders consolidation is an essential ingredient of 
densification with minimal microstructural transformation. In most cases, densification 
usually results in either grain coarsening or undesirable small specimen size and 
insufficient bonding. This has detrimental effect on the nanomaterial properties especially 
the mechanical properties. Several researches have been done on the subject of 
nanopowders consolidation to find suitable methods for the sintering and consolidation of 
nanopowders particles s into sizable parts and retain their nanofeatures[35,36]. 
Densification of nanopowders has several challenges and in attempt to achieve higher 
densification will result into grain coarsening and loss of nanostructures. Again, inability 
to produce sizable and dense parts has led engineers and scientists to search for efficient 
and better consolidation process to overcome these challenges. Consolidation is broadly 
classified into two which are conventional and nonconventional consolidation. 
In conventional consolidation, heat is produced externally and conveyed to the material 
by heat transfer processes such as conduction, convection and radiation. Conventional 
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consolidation processes include: pressureless sintering, hot pressing (HP), hot isostatic 
pressing (HIP), cold isostatic pressing (CIP), sintering forging, extrusion and ultrahigh 
pressure sintering. Conventional consolidation processes have some drawback such as 
grain coarsening, high consolidation time, requirement for pre-compaction, high sintering 
temperature and this has led to the search for novel methods for nanopowders 
consolidation. Nonconventional consolidation is a novel techniques developed to 
overcome consolidation challenges of undesirable grain growth and loss of 
nanostructures. In this technique, the materials absorb energy which is converted into 
heat within their bodies. Nonconventional consolidation includes spark plasma sintering 
and microwave sintering[37].  
Spark Plasma Sintering (SPS) which is also known as Plasma activated sintering (PAS), 
Field assisted sintering is a sintering techniques that utilizes uniaxial force (pressure) and 
pulsed (on-off) direct electrical current at low temperature and pressure for powder 
consolidation. High heating, high cooling rates and enhanced densification with low grain 
growth allow the powders to maintain their nanofeatures in the fully dense products. SPS 
offers several advantages over conventional systems and high densification, shorter 
sintering time, relatively low sintering temperature and absence of pre-compaction are the 
common features of SPS. The mechanism of SPS (figure 2) involves generation of high 
energy from the low voltage supply due to electrical spark discharge phenomenon that 
exists between the powder particles which result in thermal and electrolytic diffusion.  
Most SPS temperature usually span from low to over 2000ᵒC which are 200 and 500ᵒC 
lower than those of conventional sintering furnaces[38]. 
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Figure 2 SPS configuration and vacuum chamber [37]. 
Hardy and Green[39], investigated the mechanical properties of porous alumina by 
sintering and holding at temperature below 1050ᵒC to avoid grain growth which could 
occur beyond 1050ᵒC. This is because longer holding time leads to an increase in neck 
growth formation through surface diffusion; thus enhance mechanical resistance. 
Li et al.[13] reinforced porous alumina with 2wt% alumina nanophase particles for the 
improvement in strength and toughness. Increment of 50% in fracture strength and 
toughness was reported and when nanoscale alumina particles were entirely used for the 
reinforcement of alumina, only minor enhancement in fracture toughness was achieved. 
Also Lee et al.[40] studied the effect of microwave sintering on the full densification and 
hardness of alumina and they reported that full densification was achieved but average 
fracture toughness of 2.7MPam1/2 was measured which is comparatively lower than the 
values reported in the literature. This clearly showed that microwave sintering is inimical 
to the fracture toughness of alumina monolithic. Continuous improvement in the fracture 
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toughness of alumina could be achieved by coarsening the grain of high aspect ratio 
powder particles. Moreover, fracture toughness enhancement through grain coarsening is 
a trade-off as this usually results in degradation of hardness and strength. High aspect 
ratio second phase particles of SiC, TiC, ZrO2, Si3N4 etc. have been used to reinforced 
alumina[41]. Meanwhile Al2O3-SiC nanocomposite system was found to have the best 
mechanical and functional properties. 
2.3 ALUMINA BASED NANOCOMPOSITES 
2.3.1 Alumina/SiC Nanocomposites 
Aluimna/SiC nanocomposites which consist of alumina matrix and a reinforced nano-size 
silicon carbide particle has become an interesting field since the concept of structural 
ceramics proposed by Niihara in 1991. Several attentions of other researchers have been 
focused on the processing and improvement on the mechanical properties of this 
nanocomposite. Niihara and his co-workers[6], reported that addition of 5vol% SiC 
nanopowders to alumina matrix significantly improved the fracture strength of Al2O3 to 
over 1GPa while the fracture toughness increased to 4.7MPam1/2 however, the results has 
not been reproduced by other researchers and they concluded that the significant results 
achieved by Niihara could be due to the method of processing employed in the 
preparation of the nanocomposite which was not explicitly stated. As stated by Niihara 
and Nakahira[42], Ohji[43] and Deng[44], when alumina is reinforced with 5-7vol% SiC 
particles, creep resistance was improved as compared to monolithic alumina. Many 
researches have been done on the improvement of mechanical properties (strength, 
hardness, fracture toughness) of Al2O3-SiC nanocomposites however, few research 
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papers have been published[17,18,45] on the thermal and electrical properties of this 
nanocomposite even though these functional properties are very important in cutting tools 
applications. In nanocomposite materials, the paramount factors that control the 
properties consist among other things; the positioning of the second particles in the 
matrix (intergranular, intragranular or both), the grain sizes of both reinforcement and the 
matrix and the chemical composition of nano-reinforcement phase. 
2.3.2 Alumina-Carbon Nanotubes Nanocomposites 
Carbon nanotube (CNT) which was discovered by Iijima in 1991 has been identified as 
key ingredient in the reinforcement of alumina due to its excellent mechanical and 
functional properties. The structure of CNT can be imagined as rolled up of graphene 
sheet with planar-hexagonal arrangement of carbon atoms distributed in a honey lattice. 
CNTs are classified into single-walled carbon nanotube (SWCNT) and multi-walled 
carbon nanotube (MWCNT) according to the rolling layers of graphene sheets. Although 
SWCNT has higher thermal and electrical conductivity as well as high purity however, its 
high cost and clustering which hinder dispersibility limit its application in the fabrication 
of ceramic-CNT nanocomposites. There are several techniques for the production of CNT 
which includes arc discharge[46], laser ablation[47], and chemical vapor deposition[48]. 
CNTs by their design in pristine form are chemically inert, which is not always desirable 
for some applications. To overcome this difficulty, is to functionalize CNT. 
Functionalization improves their properties and consequently their application potential.  
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2.3.2.1 Functionalization of Carbon Nanotubes 
The addition of oxygen-containing species on the surface of CNTs promotes their 
solubility in aqueous or organic solvents and decreases the van der Waals associations 
between different CNTs, enhancing the dissociation of nanotube bundles into individual 
tubes. Basically, there are two methods of functionalizing CNTs which include chemical 
functionalization and physical functionalization[49,50]. Chemical functionalization 
occurred as a result of the covalent linkage of functional entities onto carbon scaffold of 
CNTs. Chemical functionalization is usually done using strong acids such as HNO 3, 
H2SO4 or a mixture of them[51] or with strong oxidants such as KMnO4[49]. The 
treatment process involved a mixture of CNT, nitric acid and sulfuric acid of high 
concentration followed by sonication for 3hrs. It is thereafter stirred for 24hrs and then 
washed and rinsed with distilled water until the PH is 7. The CNT is sieved and dried for 
overnight at 100ᵒC[52]. The defects created by the oxidation agents are neutralized by 
bonding with carboxylic acid (-COOH) or hydroxyl (-OH) groups. These functional 
groups have sufficient chemistry and the CNTs can be used as a precursor for further 
chemical reaction. Mansoor et al.[53], investigated the two chemical methods of 
functionalization using nitric acid and hydrogen peroxide and they concluded that 
hydrogen peroxide based functionalization is more effective than nitric acid 
functionalization. The MWCNT was found to be completely de-roped in hydrogen 
peroxide process and the better dispersion was observed in the epoxy resulting in high 
mechanical properties of MWCNT-epoxy nanocomposites. 
Physical functionalization of carbon nanotubes involves adsorption of surfactant 
molecules on the surface of CNTs so as to ensure that agglomeration does not occur. 
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Several factors such as the characteristic properties of surfactant, the chemistry of the 
medium and the nature of the ceramic matrix determine the efficiency of physical 
functionalization of CNTs. However, the two major drawback of chemical and physical 
functionalization of CNTs include damaging due to ultrasonication or ball milling [32] 
process. In some cases, this damage could occur on the sidewalls of CNTs which might 
result in severe degradation in both mechanical and functional performances of CNTs 
[50]. The benefit of CNTs functionalization includes removal of impurities such as 
catalyst remnants, the addition of hydroxyl or carboxyl group for bonding with the matrix 
and high level of dispersion in water[54]. 
2.3.3 Alumina-SiC Nanopowders Preparation 
There are several ways of processing Al2O3-SiC nanocomposites which include MA 
alloying or MM, sol-gel processing and polymer processing. All these methods of 
processing aimed at homogenous dispersion of the nano-SiC particles into the alumina 
matrix. In their work, Gao et al.[55], prepared 5vol% SiC-Al2O3 powder using Nano-SiC 
particles, aluminum chloride and ammonia. The nano-SiC particles were ultrasonically 
dispersed to break the agglomerate and the PH was carefully adjusted between 9 and 10. 
The suspended aqueous nano-SiC was continuously stirred at room temperature and then 
solution of aluminum chloride and ammonia were added and continuously stirred until 
complete precipitation occurred. The SiC-Al2O3 gel formed was washed with distilled 
water until it was free of chloride ions and then dried at 100ᵒC. Thereafter, the gel was 
calcined at 700ᵒC and then sieved through a 200 mesh sieve to obtain the final SiC-Al2O3 
powder. 
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Wang et al.[56], prepared 5vol% and 10vol% SiC-Al2O3 powder using a combination of 
sol-gel and wet-ball milling. In this preparation, AlCl3 was added to SiC particles and the 
mixture was stirred. Ammonium hydroxide (NH4OH) was then added until precipitation 
occurred. The resulting SiC-Al2O3 powder was obtained after drying, calcining and 
attrition milling of the slurry. Chao et al.[57], in their work prepared SiC-Al2O3 powder 
by ball milling 17vol%SiC-Al2O3 powder mixture in ethanol for 12hrs using alumina 
balls. 20vol% SiC was then added and ball milled for another 6 hrs. The slurry was dried 
completely in a microwave oven and the agglomerate was ball milled for six hours to 
achieve the final powder for consolidation. 
Al2O3-SiC powder preparations by a combination of sonication and mechanical ball 
milling using zirconia balls and media have been reported by several authors [58–60]. In 
these preparations, SiC powder was dispersed in distilled water together with alumina 
powder and the mixture was sonicated for 20minutes. The slurry was thereafter 
transferred to attritor mill with zirconia balls and media and then ball milled for 2hrs at a 
speed of 500rpm. PH of 9 was maintained for the dispersion and the slurry was dried for 
24hrs and finally ball milled for 1hrs. Al2O3-SiC powder was obtained by sieving through 
a 150µm sieve. 
Parchoviansky et al.[17] in their work prepared Al2O3/SiC nanopowders containing 
different fraction of SiC by convention mixing of alumina powder with nano-sized SiC 
powder particles. Here the homogenization of powder mixtures was done by mechanical 
milling in isopropyl alcohol for 24hrs in a polymer flask using high purity Al2O3 balls. 
The slurry was dried in oven and the soft agglomerated powders after drying were 
crushed with the aid of pestle in agate mortar. Detailed preparation of Al2O3-SiC powder 
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was reported by Borrell et al.[18]. Powder mixture containing 17vol% nano-SiC was ball 
milled using ethanol as solvent. High purity (99.5%) alpha alumina balls of diameter 
2mm were used and powder to ball ratio of 4:1 was maintained.  Milling was performed 
at a speed of 100rpm for 48hrs and the slurry was dried at 60ᵒC to obtain soft 
agglomerate. The agglomerate was crushed in a pestle and sieved through a 60µm sieve.  
Preparation of Al2O3-SiC nanopowders using alumina milling balls and milling vials 
have been reported in several papers[13,61–65]. The powder mixture in an isopropyl 
ethanol was ball milled using alumina balls in alumina media for 24hrs at a speed of 
100rpm. The powder mixture was dried in an oven for 24hrs and the agglomerates dried 
powder formed was ball milled for 12hrs and sieved through appropriate sieve sizes to 
obtain the powder for consolidation. As reported by Liu et al.[65], Watanabe and 
Kimura[66], a combination of sonication and planetary ball milling using alumina balls 
and vials was found to be very effective in the dispersion of SiC nano-particles into 
alumina matrix. In their work, mixture of SiC and alumina powder in ethanol was 
sonicated for 45 minutes and the slurry was transferred into alumina vials containing 
alumina balls and then ball milled for 2hrs. The powder mixture was dried and crushes in 
a mortar using pestle and sieved prior to consolidation. The use of ultrasonication and 
magnetic stirring for the preparation of Al2O3-SiC powder was reported by Sciti et al.[67] 
Here the powder mixture containing Al2O3-SiC powder was magnetically stirred 
followed by sonication for 2hrs. The slurry was dried and sieved to obtain Al2O3-SiC 
powder. Al2O3-SiC powder was reported to have been prepared by Ko et al.[14] using 
SiC balls and SiC media. In their work, mixture of alumina and SiC in ethanol was ball 
milled for 24hrs using SiC balls in polyethylene jar. The slurry was dried and sieved 
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through 60µm mesh. It is paramount to know that the objective of the Alumina-SiC 
powder processing methods highlighted above is to ensure homogenous distribution of 
the SiC nanoparticles in alumina. 
2.3.4 Alumina-CNT Powder Preparation 
Dispersion of CNT in alumina matrix is crucial in the processing and fabrication of 
alumina-CNT nanocomposites. Mechanical method such as sonication and ball milling 
have been used to effectively dispersed CNT in alumina matrix. For instance, Zhang et 
al.[68] and Kumari et al.[19] dispersed CNT in alumina directly by growing CNT on 
alumina nanoparticles using Co(NO3)2.6H2O as catalyst and the mixture of alumina and 
CNT in ethanol is sonicated for 15mins. Sonication and planetary ball milling process for 
the dispersion of CNT in alumina have been reported by some authors[69–71]. In this 
process, CNT is dispersed in Dimethylformadie (DMF) using high power sonicators for 
2hrs and thereafter hand mixed with alumina nanopowders. The mixture was ball milled 
for 8hrs and then dried for 12hrs at 75ᵒC on a heating plate in air, followed by oven 
drying at 100ᵒC for 3 days. 
2.3.5 Al2O3-SiC Nanopowders Consolidation 
Wang et al.[56] consolidated Alumina/SiC nanopowders by hot pressing at pressure of 
35MPa and sintering temperature of 1650ᵒC and 1750ᵒC. Higher densification was 
achieved at 1650ᵒC at 35MPa however, further increase in temperature to 1750ᵒC do not 
lead to change in densification although, the microstructural analysis showed significant 
grain growth and loss of nanostructures (grain size >100nm). 
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Spark plasma sintering of Al2O3-SiC nanopowders containing 17vol% SiC was 
performed by Borrell et al.[18]. In their study, the composite powder was inserted into 
graphite mold of diameter 20mm and then unixially cold pressed at 30MPa. The 
compressed powders were sintered at 1400 and 1550ᵒC for dwelling time of 1min and 
heating rate of 100ᵒC/min. the sintering pressure was kept at 16MPa which was raised 
while heating to 80MPa sintering pressure within the next 100ᵒC and maintained 
throughout the holding time. The grain size of the alumina was found to be smaller at 
1400ᵒC sintering temperature (430nm) than the composite sintered at 1550ᵒC sintering 
temperature (590nm) although; there is significant change in the densification of the 
composites sintered at two different temperatures. In their work, Parchoviansky et al.[17] 
studied the thermal and electrical behaviour of Al2O3/SiC nanocomposites by hot 
pressing the nanopowders of SiC-Al2O3 containing 3-20vol% SiC. The powders were 
inserted in a graphite die of inner diameter 20mm and uniaxially compressed at 30MPa.  
The compressed powder was hot pressed at 1740ᵒC and 1hr dwell time and pressure of 
30MPa. For the consolidation of monolithic reference material (Alumina), the sintering 
was reduced to 1350ᵒC so as to produce alumina of comparable grains size as that of 
Al2O3/SiC nanocomposites. Greater than 98% densification was achieved on the 
nanocomposites sintered at 1740ᵒC. 
Spark Plasma Sintering (SPS) of Al2O3-SiC powder consolidation has been studied by 
several researchers[13,55,63,65,72,73] under different conditions of sintering 
temperature, dwelling time, heating rate and applied pressure. Conventional consolidation 
techniques such as hot pressing (HP) [6,42,61,67,74–77], cold isostatic pressing (CIP) 
[59,60,78] and hot isostatic pressing (HIP)[64,79]have equally been used in the 
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consolidation of Al2O3-SiC powder. High sintering temperature, long sintering time and 
lack of proper control over the grain size limit the application of conventional sintering in 
processing of Al2O3/SiC nanocomposites. 
2.3.6 Alumina-CNT Powder Consolidations 
As reported in the previous studies[80], densification of ceramics can be inhibited by the 
presence of inclusions such as CNTs in the matrix. As such most of Al2O3-CNT 
nanocomposites reported so far has been fabricated by hot pressing [81–84] or Spark 
plasma sintering[85,86]. Hot pressing involves application of heat and uniaxial pressure 
to enhance densification of the powders. This method is more preferable to pressureless 
sintering of alumina-CNT nanopowders[87] as excessive grain growth occurs during 
sintering which result in the degradation of mechanical and functional properties. To 
preserve structural integrity of CNTs, Spark plasma sintering (SPS) is a better technique 
used to sinter alumina-carbon nanopowders as the technique offers high heating rate, 
short sintering time and high cooling rate which provide an avenue to have better control 
over the microstructures of the nanocomposites. 
Spark Plasma sintering of alumina-CNT nanopowders has been reported in several papers 
[19,68,69,71,85]. Kumari et al.[19], and Zhang et al.[68], consolidated alumina-CNT 
nanopowders in a graphite of 15mm diameter by SPS at 100MPa, 1150 or 1450ᵒC 
sintering temperature, heating rate of 100ᵒC/min and 10min holding time. Hot pressing 
(HP) of alumina–CNT powders has been investigated by Ahmad et al.[5] by hot pressing 
alumina-CNT powders at 40MPa and 1600ᵒC sintering temperature for 60 mins. It has 
been established by few researchers that SPS temperature for fabricating CNT/Al2O3 
nanocomposite should be in the range of 1150ᵒC to 1250ᵒC while the pressure should 
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vary from 20-100MPa to retain structural integrity of nanotubes[88,89]. Similar to SPS, 
for hot pressing of CNT/Al2O3 nanocomposites researchers used wide range of 
temperature (1350-1850ᵒC) and pressure (20-40MPa) as far as pressureless sintering is 
concern, only limited group of researchers have tried the techniques. 
2.3.7 Densification of Al2O3-SiC Nanocomposites 
The pressureless sintering techniques which are used in the consolidation of Al2O3-SiC 
nanopowders do not give higher densification. Usually, the SiC particles as a result of the 
composite powder preparation are located at the interfaces between the grains of alumina 
matrix and this serves as obstacle to densification that restrict the grain boundary motion 
through pinning effect. The advent of pressure assisted sintering techniques such as hot 
pressing, hot isostatic pressing, spark plasma sintering etc. can produce composites of full 
densification. To achieve higher densification in pressureless sintering, high sintering 
temperature is required and this promote grain growth that impairs the mechanical and 
functional properties of the nanocomposites[90]. To reduce the sintering temperature 
during pressureless sintering, additives are usually added to aid sintering at relatively 
lower temperature. For pressureless sintering of Al2O3-SiC, powder is doped with 0.1wt 
MgO and Y2O3 and this reduce sintering temperature from 1800ᵒC to 1300ᵒC[91], 
although the coarse microstructure is obtained. 
The successful densification of nanocomposite by pressureless sintering is limited to the 
content of SiC nanoparticles which normally do not exceed 10vol%. Full densification of 
composite with relatively higher SiC content (>20vol%) can be obtain by the 
combination of pressureless sintering and hot isostatic pressure[92].  
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2.3.8 Densification of Al2O3-CNT Nanocomposites 
The CNTs just like SiC particles has pinning effect on the alumina matrix which resist 
densification. Specifically speaking, the high aspect ratio, high specific surface and their 
incompatibility with the surrounding matrix has made CNTs to behave in two distinct 
ways: (1) reduction in the sintered density (2) decrease in the size of alumina due to 
reduction in grain boundary migration through efficient pinning[93][94]. Besides, the 
presence of CNT clusters at the grain boundaries due to imperfect de-agglomeration also 
contributed to the reduction in densities. The agglomerates act as obstacles at the 
boundary interfaces that resist densification. Thus, increasing the content of CNT in the 
nanocomposite increase the difficulty in the densification of the CNTs-containing 
nanocomposites. Several attempt have been made to sinter CNT-alumina nanopowders 
although it is always unsuccessful as high sintering temperature cause oxidation of CNT 
in the ceramics. Zhang et al.[95] and Rice[96] discovered that the relative density 
decrease from 98.5% to 95% when the CNT contents in alumina increase from 1wt% to 
3wt%. Again, to avoid oxidation of CNT, the maximum sintering temperature of CNT-
alumina nanopowders is usually kept below 1550ᵒC[96]. To accomplish this, more 
attention has been paid to pressure assisted sintering techniques. SPS has been considered 
by researchers to be an idea sintering techniques in the consolidation of alumina-CNT 
nanopowders dues to its high heating rate, relatively low sintering temperature and 
shorter sintering time. This result in fine microstructure and enhance mechanical and 
functional performance. 
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2.4 Mechanical Properties of Alumina-Based Nanocomposites 
2.4.1 Mechanical Properties of Al2O3-SiC Nanocomposites 
Gao et al.[55] investigated mechanical behavior and microstructure of alumina-SiC 
composite containing 5%vol SiC nanopowders. The mechanical properties were 
evaluated after SPS consolidation at 1450ᵒC and 40MPa. The maximum bending strength 
of 980MPa was achieved as compared to monolithic alumina of 350MPa while, 19GPa 
hardness was achieved at 1400ᵒC which was the maximum hardness evaluated. There 
was no significance difference in hardness value between 1400ᵒC and 1500ᵒC. Again, the 
fracture toughness was found to be improved (4.5MPam1/2) while the alumina ceramics 
was 3.5MPam1/2. Maximum densification was attained at 1450ᵒC (99.8%). The 
mechanical behaviors of Al2O3/SiC nanocomposites are stated in table1. The overall 
enhancement of the mechanical behavior was attributed to the effective distribution of 
SiC nanoparticles in the matrix of alumina grains and at the boundaries of the alumina. 
The SiC particles at the boundary inhibit grain boundary movement and decrease the 
grain size of alumina that results into fine microstructure and better mechanical 
properties. 
 
 
 
 
 
 
 
26 
 
 
 
Table 1 Mechanical properties of Al2O3/SiC Nanocomposites. 
Al2O3-SiC  
Nanocomposites 
Consolidation 
Type 
Hardness 
(GPa) 
Strength 
(MPa) 
Fracture 
toughness 
(MPam1/2) 
Ref. 
Al2O3-5SiC SPS 19 980 4.5 [55] 
Al2O3-5SiC 
Al2O3-10SiC 
HP - 
- 
467 
415 
4.7 
3.8 
[56] 
Al2O3-17SiC HP 22 400 4.6 [97] 
Al2O3-5SiC HP 21.2 760 4.4 [74] 
Al2O3-10SiC SPS 20.7 - 3.3 [73] 
 
2.4.2 Mechanical Properties of Alumina-CNT Nanocomposites 
It has been established that the range of CNT content in CNT/Al2O3 nanocomposites 
varied over a wide span from 0.01wt% to35wt%[98]. Yamamto et al.[99], Sarkar and 
Das[100], Cha et al.[101]and Zhang et al.[68] discovered that MWCNT started to form 
agglomerate beyond 0.9, 0.6, 0.18 and 1vol% respectively. The agglomeration of carbon 
nanotubes between 2 to 7.39wt% MWCNT in alumina matrix have been reported in 
literatures[98,99,102]. The concentration of SWCNT with much better morphological 
precision, properties and high clustering tendency than MCNT is expected to be lower 
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than MWCNT so as to achieve the same effects[103]. The hardness of Al2O3/CNT 
nanocomposites varies significantly with various factors which include CNT content and 
extent of dispersion, CNT purity, sintering temperature, extent of densification, nature of 
interface formed matrix grain size and applied indentation load.  Zhang et al.[68] studied 
the mechanical properties of Al2O3/MWCNT nanocomposites consolidated by SPS 
between 1150 and 1450ᵒC. The maximum properties of nanocomposites were achieved at 
7.39wt%MWCNT. For instance, the hardness (9.98GPa) was achieved on the 
nanocomposites sintered at 1450ᵒC while pure monolithic alumina was 9.21GPa 
measured under the same conditions. Maximum fracture toughness of 4.7MPam1/2 was 
achieved on the nanocomposite containing 7.39wt%MWCNT sintered at 1450ᵒC. The 
mechanical properties of the Alumina monolithic and nanocomposites were found to be 
lower at low sintering temperature (1150ᵒC). Also the densification of the 
nanocomposites was all lower than the monolithic sintered at the same conditions. 98.2% 
and 79.1% densification was achieved on monolithic alumina and 
7.39wt%MWCNT/Al2O3 nanocomposite respectively. Some of the mechanical properties 
of Al2O3-CNT nanocomposites are presented in the table 2 below. As presented in the 
table 2, high fracture toughness (4.7MPam1/2) was obtained on the nanocomposites 
sintered by SPS as compared to other sintering techniques shown in the table 2. 
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Table 2 Mechanical Properties of Alumina-CNT Nanocomposites. 
Al2O3-CNT 
Nanocomposite 
Consolidation 
Type 
Hardness 
(GPa) 
Strength 
(MPa) 
Fracture 
toughness 
(MPam1/2) 
Ref. 
Al2O3-
7.39wt%MWCNT 
SPS 9.98 - 4.7 [68] 
Al2O3-
0.3wt%MWCNT 
HP 21.4 - 4.47 [99] 
Al2O3-
2wt%MWCNT 
HP 18 - 4.2 [104] 
 
2.5 Thermal Properties of Alumina-Based Nanocomposites 
It is well established that the heat transport properties of any materials strongly rely upon 
the purity condition of the crystal lattice of the grains. Therefore, careful control of the 
impurities emanating from the starting raw materials and processing conditions has to be 
achieved in order to enhance the thermal properties of the material. Thermal properties 
which include thermal diffusivity, specific heat capacity, the coefficient of thermal 
expansion and thermal conductivity are important parameters in many applications of 
alumina based nanocomposites[105]. 
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2.5.1 Heat Capacity 
The heat capacity of a given material is the ability of the material to absorb thermal 
energy. Thermal energy comprises of kinetic of atomic motion and potential energy of 
distortion of interatomic bonds. Heat capacity C is express by the equation 2.1 
𝐶 =
∆𝑄
∆𝑇
=
𝑑𝑄
𝑑𝑇
.............................................................................................................. (2.1) 
Where Q is the heat amount of heat absorb, T is the temperature. The unit of heat 
capacity is J/K. Heat capacity can be measured under conditions of constant temperature 
or constant volume[106]. 
2.5.2 Thermal diffusivity 
Thermal diffusivity is a thermophysical characteristic of materials that defines the 
velocity of heat transmission by conduction through the material during a change of 
temperature. The thermal diffusivity is related to the thermal conductivity, specific heat 
capacity and the density of the material. Among the methods of measuring thermal 
diffusivity, a flash method is considered to be the most effective method as this method 
requires short measuring time, completely non-destructive and give an accurate result 
which is reproducible. Flash method of thermal diffusivity measurement involves 
uniform radiation of the small specimen  over its front face with a short pulse of energy 
[107]. Thermal diffusivity is expressed as; 
 𝛼 =
𝜆
𝜌𝐶𝑝
.................................................................................... .............................. (2.2) 
Where 𝛼 is the thermal diffusivity, λ is the thermal conductivity, ρ is the density and 𝐶𝑝is 
the heat capacity of the material. 
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2.5.3 Thermal conductivity 
Thermal conductivity as a mechanism of heat transfer can be defined as the property of a 
material which indicates its ability to conduct or transfer heat. The first general statement 
relating to heat flow and temperature gradient was made by Fourier in 1822. According 
to Fourier, for a material under steady state heat flow, the quantity of heat (q) is related to 
the temperature gradient (
𝑑𝑇
𝑑𝑥
) by the expression;     𝑞 = −𝜆
𝑑𝑇
𝑑𝑥
................................. (2.3). 
Where λ is the proportionality called thermal conductivity with unit W/mK[108]. 
The mechanism of heat conduction in dielectric solids can be model with the aid of 
Debye kinetic equation  𝜆 = 1/3𝐶𝑣𝑙...................................................................... (2.4). 
In the equation (2.4) above, C is the specific heat per unit volume, v is the mean sound 
velocity and l represents the average free path of phonon. It is important to know that the 
average free path decrease with rising in temperature. The product of velocity and mean 
free path of the phonon is called thermal diffusivity D; 𝐷 = 𝑣. 𝑙 
Thus, the thermal conductivity;  𝜆 = 1/3𝐶𝑃𝜌𝐷..................................................... (2.5)      
The mechanism of heat transfers by conduction through solid requires thermal energy. 
The carriers for heat transfer by conduction include electrons, phonons or photons. For 
nonmetallic materials, phonon is the carrier of heat by thermal vibrations of the atoms. 
However, in metals, heat conduction is by electrons but in alloys and semiconductors, 
both phonons and electrons contribute to their thermal conduction[109].  
 Thermal conductivity of materials can be determined either by indirect method or direct 
method. In indirect method also known as laser flash method, the thermal diffusivity is 
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measured by the transmission of the laser pulse through the sample specimen. The 
thermal conductivity is therefore determined from the values of specific heat capacity, 
density of the bulk material and the thermal diffusivity as shown in equation (2.5). The 
direct measurement of thermal conductivity gives the actual value of the material thermal 
conductivity as evaluated by the thermal conductivity equipment. 
2.5.4 Thermal Properties of Al2O3-SiC Nanocomposites 
The thermal conductivity of SiC containing compound is difficult to model as only room 
temperature thermal conductivity data are available for SiC materials. The thermal 
conductivity of SiC vary from 40-100W/mK[110,111] however, higher values in the 
range of 150-325W/mK[112–114] have been reported for SiC evaluated from heat 
conduction model. Barea et al.[45], studied the thermal diffusivity of Al2O3-SiC 
nanocomposites containing 30vol% SiC after hot pressing at 1550ᵒC for 60mins and 
sintering pressure of 50MPa. The thermal diffusivity Vs temperature (figure 3) of the 
composites was evaluated. The ambient temperature thermal diffusivity increases with 
SiC platelet concentration from 0.092cm2/s for the alumina monolithic to 0.153cm2/s for 
the 30vol% SiC-Al2O3 composite. Again, for each nanocomposite, thermal diffusivity 
decrease with increase in temperature and at 1000 ᵒC, the values of 0.015cm2/s and 
0.028cm2/s were achieved for 0 and 30 vol% of SiCpl, respectively. It was also 
confirmed that the thermal diffusivity measured in perpendicular configuration is higher 
than the parallel one at all temperatures. In addition to the thermal diffusivity, thermal 
conductivity, λ Vs temperature was also evaluated (figure 4) and a maximum λ value of 
42 W/mK was attained at room temperature for the 30 vol.% SiC platelet content tested 
in the parallel direction which 52% more than monolithic alumina (28-35W/mK)[105], 
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while λ value in the perpendicular direction is 49K/mK. The decrease in thermal 
conductivity with temperature was due to increasing in crystal lattice vibration with 
temperature which results in increasing scattering of the phonon. Barea et al thus 
concluded that the thermal conductivity is independent of the shape and size of the 
dispersing phase.  
Parchoviansky et al.[17] hot pressed Al2O3-SiC powder containing 20vol%SiC and 
reported 0.093cm2/s and 0.135cm2/s as the room temperature thermal diffusivity for 
alumina and Al2O3-20SiC nanocomposite respectively. The maximum value of λ at room 
temperature was achieved in the composites at AS20c and AS20f (38W/mK) but the 
alumina monolithic thermal conductivity was only 28W/mK. This measured thermal 
conductivity is lower than the expected value based on the intrinsic thermal conductivity 
of SiC (490W/mK for single crystal and 270W/mK for polycrystalline SiC). This is 
because the most paramount factor affecting the thermal conductivity is phonon 
scattering and SiC addition act as scattering sites. Besides, phonons could also interact 
with lattice defects, impurities, interfacial resistance, grain boundaries, triple junctions 
and other microstructural defects which all contributed to the lower value of thermal 
conductivity of the composites. It is important to note that in nanocomposites materials, 
the thermal properties such as thermal conductivity is affected by many critical factors 
which includes composition of the starting powder mixtures, the level of impurities of 
other materials, the microstructure of the composites (matrix grain size and the grain 
boundaries) and the distribution of the reinforcement phase (intergranular, intragranular 
or both). 
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Figure 3 The response of thermal diffusivity with measuring temperature for (a) coarse 
grains and (b) fine grain [17]. 
 
Figure 4 Variation of thermal conductivity with the measuring temperature for (a) coarse 
grains and (b) fine grain [17]. 
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Table 3 Thermal Property of Al2O3-SiC Composites. 
Nanocomposites Consolidation 
type 
Densification 
(%) 
Thermal 
Conductivity 
(W/mK) 
Ref. 
Al2O3-20SiC HP 99.3 38 [17] 
Al2O3-60SiCw HP --- 42.1 [105] 
Al2O3-30SiCp HP 99 49 [45] 
Al2O3-20SiCw HP 98.3 34.25 [111] 
 
2.5.5 Thermal Properties of Al2O3-CNT Nanocomposites 
Limited work has been done on thermal conductivity of alumina-CNT nanocomposites as 
presented in table 5.0. Substantive increase in thermal conductivity (90.44W/mK) of 
Al2O3/CNT nanocomposites was reported by Kumari et al.[19] for 7.39wt% 
MWCNT/Al2O3 nanocomposites over alumina, after consolidating at 1550ᵒC. Further 
loading of MWCNT to 19.1wt% could result in decreasing thermal conductivity of 
Al2O3/MWCNT nanocomposite even at higher sintering temperatures. The thermal 
diffusivity and thermal conductivity of Al2O3-SWCNT were investigated by Zhan and 
Mukherjee[71] and the thermal conductivity of 11.4W/mK was achieved on 
10%wtSWCNT and this decrease to 7.3W/mK as the CNT content increased to 15wt%. 
Also Sivakumar et al.[115] reported improvement in thermal conductivity SiO2-MWCNT 
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nanocomposites containing 10vol% MWCNT and maximum thermal conductivity of 
4.08W/mK was obtained at room temperature. Both thermal diffusivity and thermal 
conductivity decrease with measured temperature. This decrease in thermal conductivity 
with measured temperature was as a result of increase scattering of phonons due to 
increase in crystal vibration as temperature increase[19]. Table 4 shows the thermal 
conductivity of alumina-CNT nanocomposites densified by various sintering techniques. 
It is evidence in the table that densification alone is not sufficient to give appreciable 
thermal conductivities. High densification was achieved by Sarkar and Das[87], but the 
thermal conductivity is relatively low as compared to the values reported by SPS process; 
thus implies that pressureless sintering is not ideal technique for the consolidation of 
alumina-CNT nanocomposites. 
Scattering of phonons by the residual pores, low thermal conductivity of highly clustered 
CNT, scattering of phonon by the interfacial thermal resistance and blocking of the 
phonon by kinks or twists are the factors affecting the thermal conductivity of CNT-
Al2O3 nanocomposites. The interfacial resistance between the CNT and ceramic matrix 
can limit the heat transportation in CNT nanocomposites. It is evidence in the literatures 
that SWCNT with high thermal conductivity (6600W/mK)[50] cannot produce 
significant enhancement in thermal conductivity of composites as does MWCNT even 
though the thermal conductivity of MWCNT (2000-3000W/mK)[116] is lower than the 
SWCNT. Tube-tube interaction is another factor affecting thermal conductivity of CNT-
ceramics nanocomposites. CNTs tend to agglomerate as a result of their Vander Waals 
forces between them and this contributes to the scattering of the phonons. Besides, high 
pressure during sintering process can create kinks or twists in the length of CNTs which 
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reduce the phonon mean free path. As the phonons travel along the length and meet the 
kink or twist, they are blocked and this reduce the thermal conductivity of CNT-ceramics 
nanocomposites. To enhance thermal conductivity of ceramic-CNT nanocomposites, 
effective dispersion of CNT free of agglomerations, high interfacial bonding and 
relatively low sintering temperature offer by SPS are necessary. 
Table 4 Thermal property of Al2O3-CNT Nanocomposites. 
Nanocomposites Consolidation 
type 
Densification 
(%) 
Thermal 
conductivity 
(W/mK) 
Ref. 
Al2O3-
10SWCNT 
SPS 95.2 11.4 [71] 
Al2O3-
7.39MWCNT 
SPS 84.2 90.44 [19] 
Al2O3-
1.2MWCNT 
Pressureless 92.32 13.37 [87] 
 
2.6 Electrical Properties of Alumina-based Nanocomposites 
Electrical resistivity which is inverse of electrical conductivity is an important physical 
property of materials. it describes the extent that material resist the flow of electricity. It 
is measure in the unit of ohm-meters (Ώm). Low electrical resistivity implies that 
electricity can easily flow through the material otherwise means that the material has high 
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resistivity. For example, aluminum and copper have low resistivity and this is why they 
are good conductors of electricity while plastics and most monolithic ceramics have high 
resistivity and thus use as insulating materials. Electrical conductivity is therefore defined 
as the inverse of the resistivity which measure how easy or difficult electricity can flow 
in a material. It is an intrinsic property of a material which is independent of the size, 
shape or geometry of the material. Proper understanding of the electrical conductivity of 
nanomaterials requires deep understanding of quantum mechanics. Microscopically, 
electricity can be conceptualized as the movement of electrons through a material as 
indicated in figure 5.0. The thermal energy of semi-conducting material set them on 
constant mechanical vibration and as such the valence electrons emanate from its shell 
and exist as free electron in the crystal. At the same time, hole is created on the parent 
atom. The electron-hole pair created in the crystal under the influence of applied voltage 
move with drift velocity. This constitutes the flow of electricity in a semi-conducting 
material. For a pure semi-conductor (intrinsic semi-conductor), the number of holes equal 
to the number of free electrons at any particular point in time.   The electron moves from 
left to right under the influence of the external force acting on it. As the electron move 
through the material, it collides with the atoms of the material and this collision tends to 
slow down the movement of the electron. The number of collisions electron encounter 
can vary from material to material. If a material produces a lot of collisions as the 
electron flows through it, then it is termed as high-resistivity material. Also, the 
resistivity of a material changes with temperatures and applied magnetic field. 
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Figure 5 Model showing the flow of electron through a semi-conducting material under 
the influence of applied voltage [117]. 
2.6.1 Methods of Measuring Electrical Resistivity 
2.6.1.1 Two-Point Technique 
Two-point method is used for measuring the electrical resistance of a material taken into 
consideration the physical dimension of the sample specimen. In this method, the sample 
is cut into the shape of rectangular bar of length l, height h, and width w. electrical 
voltage V, is applied at the ends of the bar with the aid of copper wire as shown in figure 
6a. The amount of current I, flowing through the bar is measured by the ammeter. Thus, 
the resistance of the bar is given as  
𝑅 =
𝑉
𝐼
.....................................................................................................................(2.6) 
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The two-point electrical resistivity of the bar can be calculated from the dimension of the 
bar as: 
𝜌 ≡
𝑅𝑤ℎ
𝑙
..................................................................................................................(2.7) 
Two-point technique do not give accurate result as there is usually some resistance 
between the contact wires and the sample material even in the measuring equipment 
itself. Thus two-point technique gives higher electrical resistivity than the true value. 
Also, modulation of the sample resistivity as a result of applied current and the problem 
of contacts between semi-conducting sample and metal electrodes give inaccurate value 
of the electrical resistivity. These problems could be avoided by using four-point 
technique of measurement. 
2.6.1.2 Four-Point Technique 
In this techniques, four wires are connected to the rectangular bar sample as shown in 
figure 6b. a constant current source is connected to the end of the bar and the amount of 
current flowing through the bar is measured by the ammeter while the voltmeter 
simultaneously measure the voltage across the bar. The electrical resistivity is evaluated 
as 
𝜌 =
𝑉𝑤ℎ
𝐼𝑙′
..................................................................................................................(2.8) 
However, for irregular shape sample, Van der Pauw technique is recommended. 
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Figure 6 Electrical resistivity measurement (a) two-point technique (b) four-point 
technique [117]. 
2.6.2 Electrical conductivity of Al2O3-SiC Nanocomposites 
The electrical conduction mechanism of Al2O3-SiC nanocomposites material is the result 
of formation of interconnected continuous network of SiC nanoparticles within the Al2O3 
matrix. It was established that one of the most crucial factors for obtaining electro-
conductive materials is the distribution of SiC nanoparticles[118]. McLachlan [119] 
developed mathematical model and evaluated the minimum volume fraction of SiC 
creating a conducting as 17vol%. However, when the volume concentration of SiC 
particles increase to 20vol%, electrical resistivity reduced to 106Ώcm. The percolation 
threshold of the SiC nanoparticle is affected by the level of dispersion in the matrix 
forming continuous network for the flow of electricity. There are two factors responsible 
for the formation of continuous network. The first case involves establishment of well-
defined grain boundaries by the matrix that will be covered by the conductive 
reinforcement SiC phase and the second case is the amount of SiC that are contributing to 
the formation of the network. 
a 
b 
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Parchoviansky et al.[17] reported electrical conductivity of 4.05×10-2S/m for 20vol% 
SiC-Al2O3 nanocomposite while 7.80×10-6S/m was evaluated as the thermal conductivity 
of reference Al2O3 monolithic. It was evidence that at low SiC content (<5%SiC) there 
was no increase in electrical conductivity of alumina (figure 7.0). when the SiC increase 
beyond 5%SiC, appreciable increase in electrical conductivity was observed which 
indicate that there were complete interconnected network formation and the percolation 
threshold was achieved between 5wt% and10%wt SiC in this nanocomposite. Also the 
electrical conductivity was found to increase substantially with decreasing grain size of 
alumina matrix. This is because the pinning effect of SiC particles increase with 
increasing SiC content and this impairs the grain growth of alumina matrix. As such, 
more of the SiC particles are located at the grain boundaries of alumina which contribute 
to the formation of conductive network path for the flow of electricity.  Borrell et al.[18] 
consolidated Al2O3-17SiC by SPS and reported electrical resistivity of 170Ώm at 1500ᵒC 
while 31Ώm was the electrical resistivity at 1400ᵒC. The enhance electrical conductivity 
was attributed to the formation of network of SiC in contact with each other separated by 
small gap of alumina matrix consequently promote tunneling effect. SPS temperature also 
control the electrical conductivity of Al2O3-SiC nanocomposites. As shown in figure 8.0, 
SPS temperature at 1400ᵒC showed that the SiC particles are located mainly at the grain 
boundaries of alumina (figure 8a).  however, when the SPS temperature increase to 
1550ᵒC, the SiC nanoparticles are located both at the grain boundaries and on the grains 
of alumina. The swallowed SiC particles (on the matrix grains) do not contribute to the 
formation of network path, so the electrical conductivity reduced. Generally, the 
electrical conductivity of Al2O3-SiCnanocomposites increase with increase SiC contents 
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and refinement of alumina matrix also influence the electrical conductivity of the 
nanocomposites.  
 
Figure 7 Electrical conductivity of Al2O3-SiC (a) fine SiC (b) coarse SiC [17]. 
 
Figure 8 FE-SEM microstructure of Al2O3-SiC nanocomposites (a)1400ᵒC and 1550ᵒC 
[18]. 
2.6.3 Electrical conductivity of Al2O3-Carbon Nanotubes Nanocomposites 
Researchers have made several imparts in trying to improve electrical conductivity of 
purely monolithic alumina by incorporating highly conductive CNT in alumina. Dramatic 
a b 
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increase in the electrical conductivity of Al2O3/CNT nanocomposite over pure Al2O3 was 
achieved when the CNT loading in the matrix attain percolation threshold. The 
improvement in electrical conductivity of the nanocomposite is commonly achieved by 
the formation of an electrically conductive network by dispersed CNT in the matrix. 
Kumari et al.[85], consolidated MWCNT/Al2O3 nanocomposite using SPS techniques at 
sintering temperature of 1150 and 1450ᵒC and they discovered that electrical conductivity 
increase with increase in MWCNT concentration. The maximum electrical conductivity 
of CNT-alumina nanocomposite at room temperature was 3336S/m for 19.1.0 % 
MWCNT-alumina nanocomposite sintered at 1450ᵒC.  Zhan and Mukherjee[71], studied 
the electrical conductivity of SWCNT-Al2O3 nanocomposite and reported 1510S/m as the 
room temperature electrical conductivity for 10vol%SWCNT while 3345S/m for 
15vol%SWCNT. However pure alumina has electrical conductivity of 10-10-10-12S/m. 
Dramatic increase in electrical conductivity of alumina reinforced with CNT was 
investigated by Ahmad and Pan [120]. All the authors agreed that electrical conductivity 
of CNT-Al2O3 nanocomposites increase with CNT content. Besides, electrical 
conductivity also increased with the measuring temperature as the charge mobility 
increase with temperature. Formation of conductive network of CNT at the grain 
boundaries of alumina is necessary for electrical conduction. Increase dispersion of CNT 
in alumina will reduce the percolation threshold of CNT thus increase conductivity. The 
table 5 shows electrical conductivity of Al2O3-CNT nanocomposites reported so far in the 
literature. The microstructure of the Al2O3-CNT nanocomposites play significant role in 
its electrical property. The high aspect ratio of CNT enable it to form a connect bridge 
between the alumina grains. Increasing the grain size of alumina reduces the number of 
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grain boundaries and this reduce the amount of CNT require to form interconnected 
conductive path for the flow of electricity. As evidence in the figure 9.0, CNT enveloped 
the alumina matrix and as the grain size reduces, the gap between the CNT is smaller 
thus, enhance tunneling effect. 
 
Figure 9 FE-SEM microstructure of Al2O3-CNT nanocomposites (a) 7.39MWCNT (b) 
8.25MWCNT [85]. 
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Table 5 Electrical Conductivity of Al2O3-CNT Nanocomposites. 
Nanocomposites Consolidation 
type 
Densification 
(%) 
Electrical 
conductivity 
(S/m) 
Ref. 
Alumina-
3%MWCNT 
SPS ---- 1.245 [120] 
Alumina-
5%MWCNT 
SPS 99 576 [70] 
Alumina-
19.1%MWCNT 
SPS 59.7 3336 [85] 
Alumina-
1%MWCNT 
SPS ---- 2.50 [121] 
Alumina-
5.7%SWCNT 
 
SPS 100 1050 [71] 
Alumina-
1.2MWCNT 
Pressureless 92.32 10-4 [87] 
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10 CHAPTER 3 
MATERIALS AND METHODS 
3.1 Materials 
The α-alumina with average particle size of 150nm and purity of 99.85% was purchased 
from Chem Pur, Germany while the SiCβ of average particle of 45-55nm and purity of 
97.5% was also procured from the same company. The multi-walled carbon nanotube 
(MWCNT) produced by chemical vapor deposition (CVD) with diameter 20-40nm, 
length 1-2µm, surface area of 40-600m2/g was procured from Nanostructured & 
Amorphous material Inc., 820 Kristi lane, Los Alamos, NM 87544, USA. 
3.2 Methods 
3.2.1 Alumina-SiC Powder Preparation 
The Alumina-SiC nanopowders was prepared according to powder to ball ratio of 10:1 
for high milling process. Two set of Alumina-SiC nanopowders of 5wt% and 10%wt SiC 
were produced designated as alumina-5SiC and alumina-10SiC respectively. The two 
powders were weighed and dispersed in distilled water and magnetically stirred for 
15minutes followed by ultrasonication using probe type sonicators for 2hrs. The mixture 
is then transferred to the zirconia vials containing zirconia balls for planetary ball milling. 
The milling was done at speed of 300rpm and 4hrs milling time. The slurry is dried for 
about 24hrs in an oven at 120ᵒC. The hard agglomerates obtained after drying was 
reduced to powder by planetary ball milling at 300rpm for 30minutes. 
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Also Alumina-SiC powder preparation was equally done at low milling conditions. In 
this process, 5wt%SiC-alumina and 10wt%SiC-alumina nanopowders were prepared 
using magnetic stirring, sonication and ball milling. Each powder was weighed and 
dispersed in deionized water and magnetically stirred for 15minutes and thereafter 
sonicated for 2hrs. The mixture was transferred into vials containing zirconia balls. The 
powder to ball ratio was maintained at 4:1. The mixture was milled for 2hrs to ensure 
homogenous distribution of SiC in alumina matrix. The slurry was dried in an oven at 
120ᵒC for 24hrs. the soft agglomerates was crushed using mortar and pestle to obtain the 
nanopowders for consolidation. 
3.2.2 Alumina-CNT Powder Preparation 
As-received MWCNT was functionalized with a mixture of concentrated 300ml sulfuric 
acid (H2SO4) and 100ml nitric acid (HNO3) using probe type sonicators. The mixture was 
sonicated for 3hrs and then stirred for 24hrs. After stirring, the MWCNT suspension was 
filtered using 0.1µm nylon filter membrane followed by washing with distilled water 
until the PH of the water became almost 7. The MWCNTs was dried overnight to obtain 
functionalized MWCNTs. 
The functionalized MWCNTs was dispersed in distilled water and then magnetically 
stirred for 15minutes followed by sonication for 15minutes. Alumina powder was equally 
dispersed separately in distilled water and magnetically stirred for 15minutes. The two 
powders were now mixed and sonicated for 2hrs to ensure proper dispersion of MWCNT 
in alumina. The slurry was dried in an oven at 120ᵒC for 24hrs to obtain soft 
agglomerates.  The soft agglomerates were crushed in a mortar using pestle to obtain fine 
nanopowders. 
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3.3 Powder Characterization 
The prepared powder was characterized using scanning electron microscopy (SEM) and 
X-ray diffraction (XRD). The X-ray diffraction of model: 8 advanced Brucker, Germany 
was used to characterize the nanopowders. A step size of 0.02ᵒ/s, voltage of 30Kv, 
current of 30mA and copper target was employed. Cu-Kα radiation was generated from 
the x-ray source with Ni filter to reduce the undesirable radiations before hitting the 
samples. Tilting of the stage was done at angle 2θ ranging from 20ᵒ to 80ᵒ.  
Prior to the SEM imaging, the powder samples were coated with gold to avoid sample 
charging during SEM imaging. The powder samples were inserted into the gold coat 
machine chamber and then flush to create vacuum at a pressure of 0.25mbar. The coating 
was done at a current of 40mA for 25-30secs.   
Transmission electron microscopy (TEM) of the nanopowders was done using TEM 
machine model: JEM-2100F, JEOL company, Japan. The TEM was operated at an 
accelerating voltage of 200KV using copper gate. 
The x-ray fluorescence was done on the nanopowders processed at low milling conditions 
to check the level of contaminations of the nanopowders as a result of the milling 
conditions. The energy dispersive x-ray fluorescence (EDXRF) machine of model 
spectroXEPOS was used and the analysis was done at voltage of 39.75KV, current of 
1mA at pressure of 75Pa in helium atmosphere for 10minutes. 
3.4 Consolidation of the Nanopowders 
The powders were consolidated using spark plasma sintering (SPS) using sintering 
temperature of 1300ᵒC, 1400ᵒC, 1500ᵒC and pressure of 50MPa. Heating was done at the 
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heating rate of 100ᵒC/min and holding time of 10mins. For comparism, powder alumina 
was equally consolidated at different SPS temperatures (1000, 1300 and 1400ᵒC) for 
50MPa pressure, 10min holding time and 100ᵒC/min heating rate. 
3.5 Cleaning, Grinding and Polishing of the Consolidated 
Nanocomposites 
The cleaning of the consolidated nanocomposites was done to remove the graphite on the 
surface of the samples. Grinding of the samples was carried out using Buehler Automet 
300 using diamond abrasive of different sizes 125,74µm, 40µm, 20µ and 9µm to 
obtained smooth and flat surface for thermal and electrical conductivity measurement. 
Finally, polishing clothe was used to obtained a mirror like surface. 
3.6 Densification Measurement 
The bulk density of the samples was done using Archimedes method with the 
densification kit Mettler Toledo Model: AG 285 made in Switzerland. The relative 
density of the samples was determined based on the theoretical density of Alumina 
(3.97g/cm3), SiC (3.21g/cm3) and CNT (2g/cm3). The relative density was achieved by 
dividing the bulk density of the nanocomposites with the theoretical value calculated by 
the rule of mixture. 
3.7 Thermal Properties measurement  
Thermal constant analyzer of model: TPS 2500s made in Sweden was used to determine 
the thermal properties of the nanocomposites. The sample was inserted into the sample 
holder and the sensor of diameter 6mm was placed on top of the samples. Heating power 
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of 500W and measuring time of 2s was employed. Five measurements were taken and the 
average value was recorded as the thermal properties. The thermal properties evaluated 
include the thermal diffusivity, heat capacity and thermal conductivity. Similarly, 
elevated thermal properties of the nanocomposites were also measured in the temperature 
range of 25ᵒC to 250ᵒC to ascertain the influence of thermal properties with measuring 
temperatures. 
3.8 Electrical Conductivity Measurement 
The electrical resistivity of the nanocomposites was determine using four-point 
technique. Four wires were connected to the rectangular bar sample as reported in the 
paper[122]. In the case of Al2O3-MWCNT nanocomposites, a multi-meter current source 
model: WAVETEK 9105 was used to supply current (I) of 1.02µA through the bar and 
the voltage drop (V) across the bar at a given length l’ was measured with the aid of 
voltmeter. However, in the case of Al2O3-SiC nanocomposites, a constant voltage of 
500V was supplied to the rectangular bar sample with the aid of multi-meter current 
source and the current in the bar was measured using high resolution multimeter of 
model: HEWLET PACKARD 3458A. In each experiment, ten readings were taken and 
the average resistivity was determined using the mathematical expression 
 𝜌 =
𝑉𝑤ℎ
𝐼𝑙′
...............................................................................................................(3.1) 
Where ρ is the resistivity, h is the height of the bar and w is the bar width measured in 
meters. 
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The electrical conductivity σ, was evaluated from the electrical resistivity value 
calculated, 
 𝜎 = 1 𝜌⁄ .............................................................................................................(3.2) 
3.9 Microstructural Characterization of the Nanocomposites 
The microstructure of the fabricated nanocomposites is studied using FE-SEM and XRD 
to investigate the interface formed and the possibility of formation of undesirable phases 
during sintering process. EDS analysis was equally done to check if there was any phase 
form as a result of reaction or phase transformation during sintering. The samples for 
thermal etching was cut into rectangular sizes which was grinded using diamond abrasive 
of different sizes (125, 74, 40, 20, 10 and 9µm). The surface was polished with diamond 
paste on polishing clothe from 6µm to 0.25µm paste. The obtained mirror like surface 
was then sonicated for 1omins in a distilled water prior to thermal etching. The procedure 
for thermal etching involves heating the sample in a tube furnace for about 1hrs in an 
argon atmosphere. 
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11 CHAPTER 4 
RESULTS AND DISCUSSION 
4.1 Powder Characterization 
4.1.1 SEM of As-received powders of Alumina and SiC. 
The scanning electron microscopy images of the as received alumina and SiC 
nanoparticles were done and presented in figure 10 and figure 11 respectively. The 
alumina powder images (figure 10a) and the corresponding particles size (figure 10b) 
measured from the SEM image are shown. Figure 10b indicates that the average particle 
size of the alumina powder is about 150-170nm. Also, the images of SiC nanopowders is 
shown in figure 11a while the particle size (about 40-50nm) is indicated in figure 11b. 
this confirmed that the SiC is nanometer size as claimed by the supplier while the 
alumina powder is in micrometer size.  
  
Figure 10 SEM images of as-received alumina powder (a)×500nm (b) showing average 
particle size. 
a b 
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Figure 11SEM images of as-received SiC nanopowders (a)×500nm (b) showing average 
particle size. 
 
4.1.2 SEM, EDX Analysis of the processed Al2O3-SiC Nanopowders 
 
The SEM and EDS analysis of the processed Al2O3-SiC nanopowders are presented 
figure 12-19. The presence of SiC on alumina was observed as revealed by SEM images 
and EDS result in figure 12 and figure14. The EDS results showed the presence of 
zirconium on the nanopowders emanating from the degradation of the zirconia balls and 
the media during milling. This is mainly due to the high milling conditions used in the 
processing of the powders which result in the degradation of zirconia balls and media. 
Homogenous distribution of SiC nanoparticles in alumina was observed in both 5wt% 
and 10wt% SiC-alumina.as shown in figure 13 and figure 15 respectively. EDS mapping 
although do not accurately shows the distribution of the components as claimed by some 
authors but it gives ideas as regards the level of dispersion of one component in another.  
The SEM images of the powder also showed that, the SiC particles are located mainly on 
the grains of alumina which is clearly shown in 10wt%SiC than 5wt%SiC alumina 
a b 
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nanopowders. This is expected as the particle size of alumina is larger than SiC particles. 
For Al2O3-5SiC nanopowders, the average particle size of alumina was determined to be 
around 170nm. However, for Al2O3-10SiC, the average particle size of alumina was 
about 200nm. This disparity could be due to the agglomeration of the particles with 
increasing SiC contents.  
The SEM images of the nanopowders prepared at low milling conditions are shown in 
figure16 and figure 18.  There were no contaminations by zirconia as shown by EDS 
results presented in figure 16 and 18 both at 5wt% and 10wt%SiC nanoparticles in 
alumina respectively. This is because, the milling speed (100rpm) was relatively low to 
cause serious degradation of the zirconia balls and media or there could be little 
degradation that is beyond the detection limit of the EDS. The average particle size of 
alumina was determined by the SEM for both 5wt%SiC and 10wt%SiC in alumina as 
180nm and 202nm respectively. Again, the EDS mapping presented in figure 15 and 17 
showed homogenous distribution of SiC nanoparticles in alumina matrix which implies 
that low milling conditions chosen for the experiment was enough for the dispersion of 
SiC nanophase in alumina matrix. 
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Figure 12 SEM EDS of Al2O3-5SiC nanopowders prepared at high milling conditions 
(300rpm, 4hrs). 
 
Figure 13 EDS mapping of Al2O3-SiC nanopowders at high milling conditions. 
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Figure 14 SEM EDS analysis of Al2O3-10%SiC nanopowders at high milling conditions 
(300rpm, 4hrs). 
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Figure 15 15 EDS mapping of Al2O3-10%SiC nanopowders at high milling conditions 
(300rpm, 4hrs). 
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Figure 16 SEM EDX of Al2O3-5SiC nanopowders at low milling conditions (100rpm, 
2hrs). 
 
Figure 17  EDX mapping of Al2O3-5SiC nanopowders at low milling conditions. 
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Figure 18 SEM EDX of Al2O3-10SiC nanopowders at low milling conditions. 
 
 
Figure 19 EDX mapping of Al2O3-10SiC nanopowders at low milling conditions.  
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4.1.3 XFR Analysis of Al2O3-SiC Nanopowders at low milling conditions. 
 
The X-ray fluorescence of the nanopowders prepared at low milling conditions for 
Al2O3-5SiC and Al2O3-10SiC nanopowders are presented in table 6 and table 7 
respectively. Low concentration of zirconia was observed in both compositions. The 
percentage concentration of zirconia is higher at 10wt%SiC than 5wt%SiC in alumina. 
This is expected as the wearing rate of the zirconia milling media and balls would be 
expected to increase with the increasing SiC content and the milling conditions. The high 
resolution of XRF techniques has made it possible to reveal the presence of zirconia in 
the milled powder at low milling conditions (100rpm, 2hrs) but with low concentrations 
which are beyond the detection limit of some other techniques. 
 
Table 6 XFR of Al2O3-5SiC nanopowders at low milling conditions. 
Z Element Concentration 
13 Aluminum 25.15 
14 Silicon 1.576 
15 Phosphorus 0.2417 
20 Calcium 0.1412 
40 Zirconium 
 
0.1014 
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Table 7 XFR of Al2O3-10SiC nanopowders at low milling conditions. 
Z Element  Concentration 
13 Aluminum 20.38 
14 Silicon 5.879 
15 Phosphorus 0.1912 
17 Chlorine 0.0759 
20 Calcium 0.1965 
40 Zirconium 0.1119 
 
 
4.1.4 SEM, EDX Analysis of Al2O3-CNT Nanopowders. 
 
The SEM analysis of alumina-CNT nanopowders were equally done and presented in 
figure 20-23. As shown in the SEM images in figure 20 and 22, the CNTs were observed 
on alumina matrix grains and some of the CNTs enveloped the alumina matrix grains. 
This is expected as the size of CNTs are far lower than the alumina matrix. The average 
particle size of alumina containing 1%CNTs was determine (figure 20) to be about 
220nm. Again, the average particles size of alumina containing 2wt%CNT were 
determine to be about 180nm (figure 22). Clustering of CNTs was not observed as shown 
in the SEM images (figure 20 and figure 22) due to effective dispersion of CNT in 
alumina matrix. There was no observable contamination of the processed nanopowders as 
depict by the EDS result and if any, it is so minute that it is beyond EDS detection limit. 
Also to our expectation, we do not anticipate contamination from the powder processing 
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condition as milling was not involved in the process but only sonication and magnetic 
stirring were used in the dispersion. Homogenous distribution of CNTs in  
alumina was observed as indicated by EDS mapping shown in figure 21 and figure 23. 
  
 
Figure 20 SEM EDX analysis of Al2O3-1%MWCNT nanopowders. 
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Figure 21 EDS Mapping of Al2O3-1%MWCNT nanopowders. 
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Figure 22 SEM EDS analysis of Al2O3-2%MWCNT nanopowders. 
 
Figure 23 EDS mapping of Al2O3-2%MWCNT nanopowders. 
65 
 
 
4.1.5 TEM Powder analysis Al2O3-SiC and Al2O3-CNT Nanopowders 
 
The transmission electron microscope (TEM) of the processed nanopowders are shown in 
figure 24-25 and figure 27. Figure 24 shows the TEM images of Al2O3-5SiC 
nanopowders prepared at high ball milling conditions. Presence of SiC particles on the 
alumina grains were observed. The average SiC particles size was determined to be about 
30nm. Figure 25 indicates the TEM images of Al2O3-5SiC nanopowders prepared at low 
milling conditions. The average particle size of SiC do not change significantly (about 
30nm), however, the shape of alumina matrix is different from that of high milling 
conditions. Flake like shape was observed here and that shows that the powders were not 
subjected to severe milling conditions during processing. The TEM EDX analysis of 
Alumina-SiC nanopowders prepared at low milling conditions is shown in the figure 26. 
There was no evidence of zirconia contamination and this may be due to the fact that in 
the TEM analysis, minute powder was used and small area was covered during the 
analysis. So the little contaminations of zirconia might have escaped the TEM EDS 
during the analysis.  
 Similarly, the TEM images of alumina-CNT nanopowders is shown in the figure 27. The 
CNTs were found linking alumina matrix grains and some enveloped the alumina grains. 
The average particle size of alumina was determined to be about 160nm which is actually 
close to the true value of the starting alumina powder (150nm). 
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Figure 24 TEM images of Al2O3-5SiC nanopowders at high milling conditions. 
 
  
Figure 25 TEM images of Al2O3-5SiC at low milling conditions. 
SiC 
SiC 
SiC 
SiC 
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Figure 26 TEM EDS analysis of Al2O3-SiC Nanopowders Prepared at low milling 
conditions. 
 
  
Figure 27 TEM images of Al2O3-CNT Nanopowders. 
 
4.1.6 XRD Analysis of the Nanopowders 
X-ray diffraction of the as-received alumina and SiC nanopowders is presented in figure 
28. The peaks of α-alumina were identified while that of the β-SiC peaks were also 
CNT 
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discovered. This confirmed that the as-received powder alumina is α-alumina (corundum) 
and while the as-received SiC nanopowders is β-SiC nanopowders. 
Figure 29 shows the XRD peaks of alumina containing 5wt% and 10wt% SiC 
nanopowders prepared at high milling process (300rpm, 4hrs). The peak of β-SiC was 
identified as indicated in the figure while α-alumina peaks were also revealed which 
dominate that of the β-SiC peaks as the concentration of alumina is much higher than the 
SiC nanoparticles. Aside these two materials, there was no extra peaks corresponding to 
other materials and that implies that the concentration of zirconia as reveal by EDX is 
beyond the detection limit of XRD.  
The processed Alumina-SiC nanopowders at low milling speed of 100rpm and 2hrs 
milling time is shown in the figure 30. The XRD peaks corresponding to β-SiC and α-
alumina were identified as presented in the figure 30. There was slight increase in peak 
width in alumina containing 5wt%SiC than the alumina containing 10wt%SiC. This 
implies that there was particle size reduction with the addition of more SiC to alumina.  
Although other things such as the peak position and the intensity of the peaks are almost 
the same but the intensity of the β-SiC is higher in alumina containing 10wt%SiC 
nanopowders than the intensity at 5wt%SiC in alumina. Besides, there was no extra peaks 
identified in the spectrum and this could mean that contamination if any was below the 
detection limit of the XRD instrument.  Comparing figure 29 and figure 30, we have 
observed that there was peak broadening in figure 29 than figure 30 and this is expected 
as high milling of powder (figure 29) involves particle size reduction as well as 
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homogenous distributions of the nanoparticles while in figure 30 (low milling process) is 
simply dispersion of the SiC nanoparticle in alumina matrix. 
Figure 31 shows the XRD spectrum of as received alumina and MWCNT functionalized. 
Figure 32 indicates the XRD peaks of alumina-MWCNT nanopowders prepared using a 
combination of sonication and magnetic stirring. Only α-alumina peaks were identified 
which means that there was no extra peak observed and that indicates that there was little 
or no contaminations during the preparation of the powders or if contamination occurred, 
it is so minute that the XRD cannot detect it. The peaks are all α-alumina as the 
concentration of MWCNT (1 and 2%) are too low to be detected by the XRD instrument. 
 
 
Figure 28 X-ray diffraction of alumina and SiC powders as -received. 
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Figure 29 XRD of Alumina-SiC nanopowders prepared at high milling conditions. 
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Figure 30 XRD of Alumina-SiC nanopowders prepared at low milling conditions. 
 
 
Figure 31 XRD of as received alumina and MWCNT Powders. 
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Figure 32 XRD of Alumina-MWCNT nanopowders. 
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4.2 Nanocomposites Consolidated by Spark Plasma Sintering 
 
    
Figure 33 (a) Al2O3-10SiC (b) Al2O3-5SiC, (c) Al2O3-2MWCNT and (d) Al2O3-
1MWCNT nanocomposites sintered at 1500ᵒC. 
 
4.3 Densification of the Nanocomposites 
The bulk density of the nanocomposites was measured using Archimedes’ method. The 
densification which is the measure of the level of porosity in the samples was determined 
by dividing the bulk density of the nanocomposites by the theoretical density calculated 
using the rule of mixture The term densification refer to the reduction in the porosity of 
the sintered body which occurred through solid state diffusion. Solid state diffusion is 
broadly categorized into surface diffusion, grain boundary diffusion and volume 
diffusion. Surface diffusion occur at relatively low temperature and this does not 
contribute significantly to densification. Volume diffusion takes place at moderate 
temperature and the contribution to the porosity reduction is not that significant as well. 
However, grain boundary diffusion occurs at a relatively high temperature and this 
contribute immensely to the densification of the sintered body. Figure 34 shows the 
relative density of monolithic (pure) alumina consolidated at 1000, 1300 and 1400ᵒC. low 
relative density (66.5%) was achieved in the monolithic alumina at 1000ᵒC. The relative 
a b c d 
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density increase as the SPS temperature is increase to 1300ᵒC and maximum relative 
density was achieved at 1400ᵒC. Interestingly, there is no significant difference in the 
densification value between 1300ᵒ (99.1%) and 1400ᵒ (99.6%) SPS temperature. Thus, 
increasing the sintering temperature of alumina from 1300ᵒC to 1400ᵒC do not result into 
significant pore reduction rather, the grain growth of alumina occur which could degrade 
the interesting properties of alumina. Figure 35 shows the relative density of the 
nanocomposites prepared at high milling conditions (300rpm, 2hrs). The relative was 
found to increase slightly with SPS temperature while it decreases with increasing SiC 
contents. Also figure 36 shows the relative density result of Alumina-SiC 
nanocomposites prepared at low milling conditions (100rpm, 2hrs). Higher densification 
(low porosity) was achieved at higher sintering temperature. As shown in figure 35 and 
36, maximum densifications (98.57% and 99.01%) was achieved for Al2O3-5SiC 
nanocomposites sintered at 1500ᵒC prepared at high milling conditions and low milling 
conditions respectively. For Nanocomposites prepared at high milling conditions 
(300rpm and 4hrs milling), the relative density reduced slightly as the sintering 
temperature decrease from 1500ᵒC to 1400ᵒC. Increasing densification with temperature 
is due to increase in grain boundary diffusion as the sintering temperature is raised. This 
close the pore spaces in the powders which clearly formed define grain boundaries. Also, 
as the SiC content increase from 5wt% to 10wt%, the density of the nanocomposites 
decrease slightly with the increasing SiC particles in alumina. This is because, at 5wt% 
SiC in alumina, there was less efficient pinning of the alumina grain and as such the grain 
boundary can migrate more efficiently leading to the closure of the pores. When the 
content of the SiC nanoparticles increase to 10wt%, the pinning effect was enhanced and 
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the grain boundary sliding is inhibited. Therefore, grain boundary diffusion is reduced 
with increasing content of the SiC nanoparticles. Moreover, the nature of the 
nanocomposite powders preparation involves microstructural arrangement in which the 
SiC nanoparticles are located at the interfaces of alumina grains that act as an obstacle to 
grain boundary migration by pinning mechanism. The use of pressure assisted techniques 
such as SPS can enhance grain boundary diffusion and accelerate grain boundary motion 
as compared to pressureless sintering techniques. Besides, pressureless sintering cannot 
achieve higher densification when the volume fraction of the SiC nanoparticles exceed 
10vol%. The combination of magnetic stirring, sonication and mechanical ball milling 
during powder preparation as used in this work result in the distribution the SiC particles 
and position it at the interfaces between the alumina grains acting as obstacles to 
densification; retarding grain boundary migration through pinning mechanism. The 
pinning efficiency of the SiC particles on the alumina grains increase with increasing 
content of the SiC particles. Spark plasma sintering is highly efficient in the densification 
of ceramic-based nanocomposites with excellent mechanical properties due it high 
heating rate and short holding time which reduce the problem of grain growth in 
nanostructured materials. Although Parchiovansky et al.[17], reported maximum relative 
density of 98.7% on alumina containing 5vol% SiC and this decrease slightly to 98.2% 
when the SiC content increased to 10vol% after hot pressing at a temperature of 1740ᵒC. 
The high relative density (99.01%) achieved in this work have shown that SPS is an 
efficient consolidation technique for Alumina-SiC nanocomposites. The slight disparity 
in the densification result achieved in this work and the previous work of Parchoviansky 
et al. may be due to the differences in the consolidation techniques employed even 
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though high sintering temperature (1740ᵒC) was employed in the case of Parchiovansky 
et al. it does not give better densification result than SPS as evident in this work. 
Moreover, Alumina-SiC nanocomposites lose their thermal stability beyond 1500ᵒC 
through grain growth; that impairs the mechanical and some functional interesting 
properties of the nanocomposites. Thus, to preserve the nanofeatures of the Alumina-SiC 
nanocomposites, SPS is a better technique of consolidation. 
Figure 37 shows the densification result of alumina-CNT nanocomposites prepared by 
spark plasma sintering (SPS). Above 99% relative density was achieved on alumina 
containing 1wt%MWCNT consolidated by SPS at 1500ᵒC. The densification reduced to 
98.42% when the MWCNT content increase to 2wt%. Also, slight increase in relative 
density with SPS temperature was equally observed in the nanocomposites of the same 
compositions. For example, alumina containing 1wt%MWCNT nanocomposites has a 
measured relative density of 99% at 1500ᵒC SPS temperature and this decreases to 
98.77% as the sintering temperature fall to 1400ᵒC.  It appears as shown in figure 37, that 
the effect of MWCNT content on densification is more prominent than the SPS 
temperature. The high aspect ratio, high specific surface area and chemical 
incompatibility with the alumina matrix contributed to the reduction in densification with 
the increasing CNT contents. CNTs reduces densification through efficient pinning of the 
alumina grains that results in the reduction of grain boundary mobility which impairs 
densification. Imperfect de-agglomeration of CNTs can equally reduce densification as 
agglomerates acts as solid obstacles at the grain boundary interfaces which hamper 
densification. The effect of densification with increasing content has been studied by 
Kumari et al.[19], after hot pressing alumina containing 7.39MWCNT.82.4% was 
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reported densification and this decreases to 59.2 as the MWCNT content increase to 
19.1wt% at SPS temperature of 1550ᵒC. Also, Inam et al.[70], reported 88% densification 
on alumina-CNT nanocomposites containing 2wt% CNT at SPS temperature of 1400ᵒC 
and this increase to 98% densification when the SPS temperature increase to 1600ᵒC.  
The densification process in CNT-alumina composites involves elimination of pores and 
mass transportation by bulk diffusion or surface diffusion and this are the two most 
important factors that determine the resultant density of the material. It was conceived 
that existence of CNTs in the grain boundaries act as barriers to avoid the closing up of 
the grains. As reported by Kumari et al.[19], the grain growth of the alumina matrix is 
inhibited greatly by CNTs and that makes it unfavorable to the densification when the 
content of CNT is relatively high. Also the presence of clusters of CNTs at the grain 
boundaries due to improper de-agglomeration can equally lead to low density of the 
CNT-alumina nanocomposite. Agglomerated CNTs are more efficient than the individual 
nanotubes as the later act as solid obstacles at grain boundaries interfaces which reduces 
grain boundary mobility and impair densification. This buttress the notion that, the 
densification of alumina containing CNTs nanocomposites becomes difficult, when the 
content of CNTs increased. The relative density of 10vol%SWCNT-alumina 
nanocomposites was studied by Zhan and Mukherjee[71], after SPS consolidation. The 
relative density was found to decrease from 95.2% to 86%when the sintering temperature 
is reduced from 1150ᵒC to 1100ᵒC which clearly demonstrated that spark plasma 
sintering is an effective technique to obtained near full densification of nanocomposites 
with minimum damage to CNTs.  
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Based on the results achieved in this work, we can therefore conclude that the density of 
Alumina-SiC and alumina-CNT nanocomposites decrease with the increasing contents of 
the nanophase (SiC and MWCNT) but the density of the nanocomposites increases with 
the SPS temperature. The high densification of the nanocomposites achieved in this work 
relative to the reported result in the literature shows that spark plasma sintering is an 
effective tool in the densification of alumina-based nanocomposites.  
The use of pressureless sintering of alumina-MWCNT nanocomposites have been 
reported in literature[87,95], which is usually carried out in the temperature range of 
1200 and 1800ᵒC in an inert atmosphere to avoid oxidation damage to CNTs. for example 
Sarkar and Das[87], consolidated alumina containing 1.2wt%MWCNT by pressureless 
sintering at 1800ᵒC and reported 92% relative density. Compare the relative density 
achieved in this work with the one reported by Sarkar and Das, it is clear that at all SPS 
temperature (1300, 1400 and 1500ᵒC) and compositions (1 and 2wt%MWCNT) the 
relative density is higher and that shows that pressureless sintering even though it is done 
at relatively high temperature cannot achieve high densification relative to SPS. 
Yamamoto et al.[99], also observed decrease in densification of alumina-MWCNT 
nanocomposite sintered by SPS from 99% to 94% when the MWCNT content increase 
from 0.5vol% to 3vol%.  The high heating rate, use of relatively low sintering 
temperature and shorter sintering time offer by SPS has made it a better technique to 
achieve high densification and produce nanocomposites of fine grain microstructure with 
better mechanical properties. In conclusion, the slight increase density of alumina-
MWCNT nanocomposites with SPS temperature as reported in this work is due to 
enhance grain boundary diffusion with temperature and consequently closure of the pores 
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between the nanoparticles. Again, the slight decrease in the relative density of 
nanocomposites with increasing content of MWCNT was due to the formation of 
agglomerations and the position of the CNTs at the grain boundaries which tend to reduce 
the grain boundary migration. The high the content of the CNTs at the boundaries, the 
more effective in retarding the grain boundary sliding and this deceases the relative 
density of the nanocomposites. 
 
Figure 34 Relative density of pure alumina at different SPS temperature. 
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Figure 35 Relative density of Al2O3-SiC Vs SPS Temperature prepared at high milling 
conditions. 
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Figure 36 Relative density of Al2O3-SiC nanocomposites prepared at low milling 
conditions. 
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Figure 37 Relative density of Al2O3-CNT Nanocomposites. 
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4.4 Thermal Properties of Alumina-based Nanocomposites 
 
It is important to remark here that the thermal properties of the Alumina-SiC 
nanocomposites prepared at high milling conditions (300rpm, 4hrs and p: b 1:10) will not 
discussed as the powder analysis have shown that there was zirconia contamination 
which will definite affect the thermal properties of the nanocomposites. 
4.4.1 Thermal Diffusivity 
 
Thermal diffusivity is the measured of the speed with which thermal energy is propagated 
through a material by conduction. Nanocomposite materials have high surface area which 
promotes scattering of phonons with the ultimate reduction in the thermal diffusivity. 
Figure 38 shows the thermal diffusivity of monolithic alumina densified by SPS. The 
thermal diffusivity increase with the SPS temperature and this could be due to reduction 
in the porosity. At 1000ᵒC SPS temperature, the thermal diffusivity was 3.15mm2/s which 
increased to 7.52mm2/s as the sintering temperature is raised to 1300ᵒC. This thermal 
diffusivity result is in support of the densification result which clearly shows that 
densification is the major factors controlling the thermal diffusivity of monolithic 
alumina. Figure 40 indicates the room temperature thermal diffusivity of Al2O3-5SiC and 
Al2O3-10SiC nanocomposites consolidated by SPS at 1400ᵒ and 1500ᵒC. Thermal 
diffusivity was found to increase with increasing sintering temperature and the content of 
the SiC nanoparticles. The thermal diffusivity increase with sintering temperature was 
previously reported. This increase in thermal diffusivity with SPS temperature was due to 
the slight reduction in the level of porosity which act as scattering site for phonons. 
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Porosity, impurities and numerous grain boundaries which exist in nanocomposite 
materials reduce the phonon mean free path and this reduces the thermal diffusivity of the 
material. Again, increasing SiC content (from 5wt% to 10wt%) enhance thermal 
diffusivity of the nanocomposite by a factor of 0.011 as shown in figure 40. This is 
actually in the trend of the results of Parchiovansky et al.[17], who reported increase in 
room temperature thermal diffusivity of alumina from 0.093cm2/ to 0.135cm2/s on 
addition of 20vol%SiC particles to alumina. The room temperature thermal diffusivity of 
Al2O3-SiC composites reported in the literature is in the range of 0.13 to 0.16cm2/s 
[105,110,111]. Although, the thermal diffusivity of nanocomposites densified by SPS as 
shown in this work is expected to be lower than the reported values in the literature due 
to high grain boundaries and fine microstructures offered by SPS. Fine microstructures 
result in large grain boundaries which increase the chances of phonon scattering. As 
reported in this work, the thermal diffusivity of alumina containing 5wt% SiC 
nanocomposites increase from 6.037mm2/s to 6.19mm2/s as the sintering temperature 
increase from 1400ᵒC to 1500ᵒC. Obviously this is a slight increase in thermal diffusivity 
with temperature as there was no significant change in the densification when the SPS 
temperature was raised from 1400ᵒC to 1500ᵒC. Also, there was increase in thermal 
diffusivity from 6.19mm2/s to 6.26mm2/s as the content of SiC nanoparticles in alumina 
is increased from 5wt% to 10wt%. Comparing the thermal diffusivity of pure alumina 
(figure 38) and that of Al2O3-SiC nanocomposites (figure 40) it is obvious that the 
thermal diffusivity of alumina (7.62mm2/s) is higher than the Al2O3-10wt%SiC 
nanocomposites (6.26mm2/s) consolidated at 1500ᵒC. Indeed, the thermal diffusivity of 
alumina decrease with SiC addition and this reduction depends on the amount of SiC 
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added and the SPS temperature. Thus, trend of thermal diffusivity increment with 
sintering temperature and SiC content have stated in the previous work [17,45,105], 
however, the thermal diffusivity achieved in the current work is lower than the value 
reported by some authors for both alumina-SiC nanocomposite and monolithic alumina. 
This disparity could be due to the high aspect ratio of whiskers and platelets which can 
conduct heat better than the particles. Moreover, SPS consolidation do not promote grain 
growth leading to fine microstructures with large interfacial boundaries as in the case of 
this work. This contributes immensely to the scattering of the phonons that lowers the 
thermal diffusivity of the nanocomposites. 
The mechanism of room temperature thermal diffusivity in alumina-CNT 
nanocomposites is different from that of Alumina-SiC nanocomposites. As shown in 
figure 41, the room temperature thermal diffusivity of alumina-CNT nanocomposites 
decrease with increasing CNT content from 1wt% to 2wt%. The high aspect ratio of 
CNTs increases the chance of forming agglomeration as the content increase. 
Agglomerated CNTs can form scattering sites which reduce the thermal diffusivity. This 
is also in agreement with Kumari et al.[19], after SPS consolidation of alumina 
containing 7.39wt%MWCNT at 1550ᵒC and reported 13.98mm2/s which decrease to 
5.24mm2/s as CNT content increase to 19.10wt%. However, thermal diffusivity generally 
increases with sintering temperature due to reduction in porosity. The high efficiency in 
the pinning mechanism of CNT on alumina matrix also contributed to the reduction in the 
thermal diffusivity of alumina-CNT nanocomposites with increasing CNTs content. 
according to Kumari et al, thermal diffusivity of pure alumina was measured to be 
8.7mm2/s which is almost the same value (8.77mm2/s) achieved in this work for alumina 
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containing 1wt%MWCNT nanocomposites sintered at 1500ᵒC. Based on the 
densification results presented in this work, the effect of porosity is not significant as 
there was no significant difference in the densification results between 1500ᵒC and 
1300ᵒC SPS temperature. The effect of interfacial resistance resulting from refine 
microstructure and poor quality in the interface play dominant role in the reduction of 
thermal diffusivity achieved in this work. 
 
Figure 38 Thermal diffusivity of pure Alumina at different SPS temperature. 
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Figure 39 Thermal diffusivity of Al2O3-SiC nanocomposites prepared at high milling 
conditions. 
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Figure 40 Thermal diffusivity of Al2O3-SiC Nanocomposites prepared at low milling 
conditions. 
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Figure 41 Thermal diffusivity of Al2O3-CNT Nanocomposites. 
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alumina containing 5wt%SiC nanoparticles sintered by SPS at 1500ᵒC is 1.01J/gK while 
that at sintered at 1400ᵒC is 0.996J/gK. When the SiC concentration increase to 10wt%, 
but at the same SPS temperature (1500ᵒC) the specific heat capacity decrease to 
0.896J/gK. The mechanism of specific heat capacity with SPS temperature is not yet 
clear, although specific heat capacity has direct relation with temperature. The motion of 
molecules in a matter is a direct measure of it temperature and the greater the motion the 
higher the temperature. Again, motion of molecules required energy and the more energy 
the matter acquired, the higher the temperature. The specific heat capacity of 1.01J/gK 
achieved on alumina containing 5wt% SiC nanoparticles as reported in this work means 
that 1.01 joules of heat is required to heat 1g of the nanocomposites at 25ᵒC, but when the 
SiC content increased to 10wt%, the specific heat capacity of 0.896J/gK was achieved 
and that implies that 0.896 joules of heat is required to heat 1g of the nanocomposites at 
25ᵒC. It therefore logical to say that less energy is required for the motion of molecules of 
alumina containing 5wt%SiC than alumina containing 10wt%SiC nanoparticles. Addition 
of SiC nanoparticles led to reduction in the energy required to set the molecules in 
motion as the SiC is a relatively high conducting material. Most high conductivity metals 
have lower specific heat capacity, for example the specific heat capacity of gold, copper 
and aluminum are 0.129, 0.385 and 0.902J/gK respectively. Thus, addition of SiC to 
alumina is expected to increase the thermal conductivity of alumina and lower its specific 
heat capacity. However, for nanocomposites system with high surface area and large 
grain boundaries, the energy transportation could encounter obstacles that causes 
scattering and this result to low thermal conductivity. 
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Figure 45 shows the specific heat capacity of alumina-CNT nanocomposites prepared by 
SPS. The maximum specific heat capacity was attained at 1400ᵒC. Almost the same trend 
exhibited in Alumina-SiC nanocomposite was displayed by alumina-CNT 
nanocomposites except that highest specific heat capacity was achieved at 1400ᵒC instead 
of 1500ᵒC SPS temperature in both 1wt%MWCNT and 2wt%MWCNT. For instance, 
increasing the SPS temperature from 1400ᵒC to 1500ᵒC for alumina containing 
1wt%MWCNT decrease the specific heat capacity from 1.093J/gk to 0.865J/gK. Again, 
decreasing the SPS temperature from 1400ᵒC to 1300ᵒC reduced the specific heat 
capacity of alumina containing 1wt%MWCNT nanocomposites to 1.093J/gK. This 
behavior might be attributed to the high aspect ratio of the CNT. At lower SPS 
temperature, there was little porosities that scattered the energy of the molecules leading 
to low specific heat capacity. At high SPS temperature of 1500ᵒC, kinks and twists might 
have formed in the nanotubes and this restrict their transportation efficiency. 
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Figure 42 Specific heat capacity at different SPS temperature. 
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Figure 43 Specific heat capacity of Al2O3-SiC Nanocomposites prepared at high milling 
conditions. 
 
 
0
0.2
0.4
0.6
0.8
1
1.2
Al2O3-5SiC Al2O3-10SiC
Sp
ec
if
ic
 h
ea
t 
ca
p
ac
it
y 
(J
/g
K
)
Nanocomposites
Specific heat capacity
1300
1400
1500
94 
 
 
Figure 44 Specific heat capacity of Al2O3-SiC Nanocomposites prepared at low milling 
conditions. 
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Figure 45 Specific heat capacity of Al2O3-CNT Nanocomposites. 
 
4.4.3 Thermal Conductivity of Alumina-based Nanocomposites 
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34.44W/Mk at 1400ᵒC. The thermal conductivity of Alumina-SiC nanocomposites 
densified by SPS at 1400 and 1500ᵒC is shown in figure 48. Maximum thermal 
conductivity (24.15W/mK) was achieved on alumina containing 5wt%SiC sintered at 
1500ᵒC and this decrease to 22.87W/mK as the SPS temperature decrease to 1400ᵒC. 
Increasing SiC nanoparticles from 5wt% to 10wt% do not increase the thermal 
conductivity of alumina rather decrease the thermal conductivity as evident in this work 
(Figure 48). Considering the thermal conductivity of pure alumina (28-38W/mK)[59] and 
34.44W/mK reported in this work and also SiC (110-150W/mK)[123]; taken the  thermal 
conductivity of alumina to be 34.44W/mK and SiC average thermal conductivity as 
110W/mK, the thermal conductivity of alumina containing 5wt%SiC nanocomposites can 
be evaluated by rule of mixture as 38.21W/mK while that of 10wt%SiC is 42W/mK 
which is against our experimental value of 24.15W/mK and 21.14W/mK for alumina 
containing 5wt%SiC and 10wt%SiC respectively sintered at 1500ᵒC SPS temperature. 
Thus our experimental results is in contrary to the theoretical calculations and the claims 
of other researchers[17,45,105], who reported increase in thermal conductivity with 
increasing SiC content. Moreover, SiC in various forms have been used in the 
reinforcement of alumina for the improvement in the its thermal conductivity by 
researchers. The use of SiC whiskers for the improvement of thermal conductivity of 
alumina was reported by Mccluskey et al.[111] and Fabbri et al.[105]. Maximum thermal 
conductivity of 34-42W/mK were reported while the use of SiC platelet in the 
improvement of alumina have been successful with maximum thermal conductivity of 
49W/mK achieved on alumina containing 30wt%SiC platelets after hot pressing. 
Recently, parchiovansky et al.[17] reported maximum thermal conductivity (38W/mK) of 
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alumina containing 20vol%SiC particles after hot pressing. Thus implies that the thermal 
conductivity depends on the shape of the SiC used in the reinforcement of alumina and 
minimum thermal conductivity is expected when the SiC is used in the form of particles. 
The high thermal conductivity of platelet and whiskers containing nanocomposites is as a 
result of their high aspect ratio (>1) which enable them to conduct better than the 
particles with aspect ratio of 1. The directional dependent on thermal conductivity was 
studied by Barea et al.[45], as the thermal conductivity measured in perpendicular 
direction (49W/mK) was higher than the one measured in parallel direction (42W/mK). 
Barea et al. concluded that the thermal property measured on alumina containing SiC 
platelet depends on the direction of measurement.  
Based on the intrinsic high thermal conductivity of SiC (700W/mK for theoretical value 
calculated, 490W/mK for single crystals and 270W/mK for pure polycrystalline) higher 
thermal conductivity of alumina containing SiC is expected. This disparity is due to the 
existence of interfacial thermal resistance between SiC and alumina which act as barrier 
to heat conduction leading to lower thermal conductivity. Other factors such as 
impurities, composition of the powder mixture (volume fraction of the SiC), porosity and 
microstructure (grain size and grain boundaries) critically affect the thermal conductivity 
of nanocomposite materials. The relationship between the SiC addition and the thermal 
conductivity of alumina-based nanocomposites is somehow difficult to comprehend. 
Hasselman and John[124], developed a mathematical model for estimating thermal 
conductivity of composites taking into consideration the grain boundary interfacial 
resistance effect. For spherical dispersion, the mathematical expression for estimating 
thermal conductivity after first approximation is given 
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𝐾𝑒𝑓𝑓
𝐾𝑐
=
[2(𝜗−
𝐾𝑆𝑖𝐶
𝑎ℎ
−1)∅+𝜗+
2𝐾𝑆𝑖𝐶
𝑎ℎ
+2]
[(1−𝜗+
𝐾𝑆𝑖𝐶
𝑎ℎ
)∅+𝜗+
2𝐾𝑆𝑖𝐶
𝑎ℎ
+2]
...................................................................(4.1) 
Where Kc is the thermal conductivity of alumina,  𝜗 is Ksic/Kc, ∅ is the volume fraction 
of SiC, a is the radius of inclusion and Keff is the effective thermal conductivity of the 
composite. Thus, the contribution of thermal barrier resistance depends on the value of a 
in the above equation. If the value of a is higher, the thermal barrier resistance is lower 
and this explain the relatively higher thermal conductivity composites containing 
micrometer size SiC particles. According to Hasselman’s model[125], the estimated 
interfacial resistance for composites containing second phase particles is 1.8×108Wm2K 
at room temperature. Also Rayleigh-Maxwell[59] developed a mathematical equation for 
estimating thermal conductivity of particulate composites; 
𝐾𝑐 =
𝐾𝑚[2𝑘𝑚+𝐾𝑝−2𝑓𝑝(𝐾𝑚−𝐾𝑝)
2𝐾𝑚+𝐾𝑝+𝑓𝑝(𝐾𝑚−𝐾𝑝)
.....................................................................(4.2) 
Where Km is the matrix thermal conductivity, Kp is the second phase particle thermal 
conductivity fp is the volume fraction of the particle and Kc is the composite thermal 
conductivity. The theoretical estimation of thermal conductivity of composites containing 
micro particles take it into consideration the shape and volume fraction of the 
incorporated particles. However, this approach cannot be used for estimating 
nanocomposite system containing nanoparticles. Indeed, various factors need to be taken 
into account for nanocomposite system but for microscale particles, these factors can be 
disregarded. This is because, the interface resistance and phonon scattering become so 
high in the case of nanoscale particles such that the mathematical equations for 
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estimating thermal conductivity cannot longer accurately predict the true value the 
system thermal conductivity[126]. 
The heat conduction in dielectric material is responsible by the phonons which are 
scattered at the interface of two dissimilar materials. The dissipation of heat on the 
surface of nanoscale particles is higher than that of microscale particles. Besides, the 
small size of the SiC particles lead to high interfacial surface area and large interfacial 
thermal resistance, which increase the levels of the phonon scattering. It is also important 
to know that particles with high aspect ratio>1 as in the case of whiskers and platelet 
display better heat conduction in one direction as compared to sphere particles (aspect 
ratio=1) of the same volume fraction. Thus the lower thermal conductivity of Alumina-
SiC nanocomposites achieved in this work is attributed to several factors which includes 
 The small size of the SiC particles (40-50nm) with a non-modified surface lead to 
poor contact between the SiC and alumina matrix which hindering the thermal 
transport across the interface. 
 Large interfacial area which play a significant role in the scattering of the 
phonons that led to lower thermal conductivity of the nanocomposites. 
 Spark plasma sintering (SPS) do not allow grain growth of the alumina matrix 
even at high sintering temperature of 1500ᵒC leading to small microstructure with 
numerous grain boundaries which increase the scattering of the phonons. 
 Microstructural refining due to addition of SiC nanoparticles to alumina through 
pinning mechanisms another factor leading to poor thermal performance of the 
nanocomposites. 
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Thus our experimental results have shown that the thermal conductivity of alumina 
containing nanoparticles SiC densified by SPS do not increase with the addition of SiC 
due to the factors mentioned above. The powder characterizations and the densification 
results have shown that porosity and impurities have paltry effect on the thermal 
conductivity reductions of the nanocomposites but the effect of the microstructure, grain 
boundaries and the acoustic mismatch between the SiC and alumina matrix determine the 
degree of the phonon scattering. Composite system with largest nanoparticles size which 
means lowest particle surface area would have the highest thermal conductivity as the 
interfacial barrier is relatively low in contrast to nanocomposites. In conclusion, the 
thermal conductivity of alumina decrease by 42.6% on addition of 5wt%SiC and 62.9% 
when 10wt%SiC nanoparticles were added to alumina matrix consolidated by SPS at 
1500ᵒC and this shows that the extent reduction depends on the volume fraction of the 
SiC nanoparticles added. The higher the volume fraction of the SiC nanoparticles added 
to alumina, the greater the degree of thermal conductivity reduction. 
The room temperature thermal conductivity of alumina-CNT nanocomposites is shown in 
figure 49. Highest thermal conductivity (29.62W/mK) was achieved on the alumina 
containing 1wt%MWCNT sintered at 1500ᵒC while that of 2wt%MWCNT 
nanocomposites is 25.94W/mK. Again, when the sintering temperature is reduced to 
1400ᵒC, the thermal conductivity of alumina containing 1wt%MWCNT and 
2wt%MWCNT are 29.11 W/mK and 24.94W/mK respectively. Increasing the content of 
MWCNT from 1wt% to 2wt% results in decreasing the thermal conductivity as shown in 
the figure 49. There was no significant difference in the thermal conductivity of 
nanocomposites of the same composition but different SPS temperature and this is 
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actually in conformation with the densification results. Based on the thermal conductivity 
of monolithic alumina (34.44W/mK) and MWCNT thermal conductivity (200-
3000W/mK)[127,128], the addition of MWCNT to alumina is expected to tremendously 
enhance the thermal conductivity of alumina-CNT nanocomposites. The theoretical 
estimation of thermal conductivity by the rule of mixture based on the average thermal 
conductivity of alumina (34.44W/mK) and MWCNT (500W/mK); the thermal 
conductivity of 1wt%MWCNT-Alumina nanocomposites and 2wt%MWCNT-Alumina 
nanocomposites are 39.09W/mK and 43.75W/mK respectively. Thus, the experimental 
thermal conductivity of 1wt%MWCNT-Alumina nanocomposite and 2wt%MWCNT-
Alumina nanocomposite consolidated at 1500ᵒC as reported in this work is 31.9% and 
68.6% lower than the theoretical values calculated by the rule of mixture.  Zhan and 
Mukherjee[71] after SPS consolidation of alumina containing SWCNT, explained that 
the thermal conductivity of CNT-Alumina nanocomposites is affected by several 
scattering process which include grain boundary, interfacial boundary, point defects, 
impurities and phonon etc. Zhan and Mukherjee reported thermal conductivity of 
11.4W/mK for 10vol%SWCNT-alumina nanocomposites and this decrease to 7.3W/mK 
as the volume fraction of the SWCNT increase to 15vol%. Recently, Sakar and Das[87], 
consolidated multi-walled carbon nanotubes-alumina using pressureless sintering and 
reported thermal conductivity of 44.13W/Mk for 0.3wt%MWCNT-Alumina 
nanocomposites and this decrease to 13.37WmK when the MWCNT content increased to 
1.2wt%. also, Kumari et al.[19], reported significant thermal conductivity of 90.44W/MK 
for 7.39vol%MWCNT -Alumina nanocomposites after SPS consolidation and this 
decrease to 22.62W/mK when the MWCNT content increase to 19.1vol%. It is therefore 
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reasonable to say that the thermal conductivity alumina-CNT nanocomposites initially 
increase with addition of CNTs reaching maximum and then decrease when further 
increase in the content of the nanotubes in alumina matrix. Although there has not been 
general trend as regards the increasing or decreasing in thermal conductivity of CNT-
Alumina nanocomposites. Various researchers express their opinions on the decreasing 
thermal conductivity of alumina-CNT nanocomposites with increasing content. For 
example, Sakar and Das[87], explained that the poor thermal conductivity of alumina 
containing ≥1.2vol%CNT compared to pure alumina are the scattering of phonons by 
residual pores in the incomplete densified samples, low thermal conductivity of clustered 
CNTs due to tube-tube interactions and the presence of kinks or twists in the 
agglomerated CNTs which decrease the aspect ratio of CNTs and reduce their effective 
transport properties. Zhan and Mukherjee[71], attributed the reduction in thermal 
conductivity of SWCNT-Alumina nanocomposites to the difference in thermal properties 
of an individual tube and rope of SWCNTs. Tube-tube interactions according to Zhan and 
Mukherjee are the dominant barrier to phonon transport in the rope of the nanotubes. 
Kumari et al.[19], also acknowledged that the agglomeration of CNTs with increasing 
contents contributed immensely towards the scattering of the phonons and this gives 
lower thermal conductivity in the MWCNT-Alumina nanocomposites. Kumari et al. 
further explained that the single-walled carbon nanotubes (SWCNT)-Alumina 
nanocomposites cannot give high thermal conductivity of multi-walled carbon nanotubes 
(MWCNT)-Alumina nanocomposites as the mean free path of SWCNT (0.5-1.5µm) is 
larger than the MWCNT mean free path (20-500nm) as such, the tube-tube interaction do 
not significantly reduce the mean free path of MWCNT in alumina matrix.  
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It is important to know that the distribution of CNTs in ceramic matrix is a crucial factor 
in realizing the intrinsic thermal properties of CNT-ceramic composites. Homogenous 
dispersion of CNTs in ceramic reduce the percolation threshold (formation of 
interconnected network of CNTs) in the ceramic matrix and once the percolation is 
established, further increment in the nanotube content result in agglomeration[4]. 
Agglomerated CNTs in ceramic matrix reduce densification as agglomerated pores are 
difficult to remove without grain growth. Besides, agglomerated CNTs promote 
scattering of the phonons thereby reducing their mean free path. Thus, combination of 
porosities and the agglomerated CNTs in the ceramics matrix perhaps is the reason for 
the reduction of thermal conductivity of CNT-alumina nanocomposites with increasing 
content of CNTs. However, in our own case, the effect of porosity on the thermal 
conductivity reduction was minimal as the MWCNT-Alumina nanocomposites at 
different level of SPS temperature are highly densified (figure 37). Also, interfacial 
resistance which exist as a result of acoustic mismatch between CNTs and alumina 
matrix was also reduce due to functionalization of MWCNT prior to dispersion in 
alumina matrix. This contributed to the quality of the interface between the ceramic 
matrix and the MWCNT thereby minimizing the interfacial resistance. Thus, the major 
factor contributing to the reduction in the thermal conductivity alumina with increasing 
content of the functionalized MWCNT in the current work is the increasing possibility of 
agglomeration of CNTs after the percolation threshold is reached. Maximum thermal 
conductivity of 29.62W/mK achieved in this work for 1wt%MWCNT-Alumina 
nanocomposite showed that percolation threshold is lower than 1wt%MWCNT. 
Increasing the content of MWCNT to 2wt% reduced the thermal conductivity to 
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25.94W/mK due to agglomeration. Our result is actually in the trend of the result of 
Sakar and Das[87], however, the thermal conductivity reported in this work at 1wt% and 
2wt%MWCNT-alumina matrix at different SPS temperature (1300, 1400 and 1500ᵒC) is 
higher than the result reported by Sakar and Das (13.37W/mK for 1.2wt%MWCNT and 
5.05W/mK   for 2.4wt%MWCNT) in alumina matrix even though the consolidation was 
done at high temperature (1700ᵒC). The disparity in thermal conductivity of the current 
result and that reported in the literature is based on the clean effect of SPS consolidation 
which maintain the integrity of the nanotubes with significant reduction in porosity of the 
nanocomposites. Moreover, the functionalization of MWCNTs used in this work have 
contributed to the reduction in the interfacial resistance between the CNT and alumina 
matrix which promote effective thermal transport in the CNT-alumina interface that led 
to low phonon scattering and give better thermal properties. In conclusion, simple wet 
mixing of alumina-CNT preparation do not require much weight fraction of CNTs 
(>1wt%) to attain percolation threshold and give higher thermal conductivity as evident 
in the current work and that of Sakar and Das[87], but CNT-alumina prepared by 
chemical vapor deposition (CVD) in the case of Kumari et al.[19], high weight fraction of 
MWCNT is required to establish percolation threshold as the techniques give better 
distribution of CNTs in alumina matrix with little agglomerations. In nutshell, 
homogenous distribution of CNTs in ceramic matrix is the prerequisite for achieving high 
thermal conductivity in the ceramic-CNT nanocomposites. 
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Figure 46 Thermal Conductivity of Pure Alumina at different SPS temperature. 
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Figure 47 Thermal conductivity Alumina-SiC nanocomposites prepared at high milling 
conditions. 
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Figure 48 Thermal conductivity of Alumina-SiC nanocomposites prepared at low milling 
conditions. 
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Figure 49 Thermal conductivity of alumina-CNT Nanocomposites. 
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4.4.4 Thermal Properties of Al2O3-SiC nanocomposites at elevated 
temperatures 
 
Thermal properties of materials are usually affected by the measuring temperature. Figure 
50 indicates the thermal diffusivity of pure alumina measured in the temperature range of 
50-250ᵒC and it was discovered that the thermal diffusivity decrease with the measuring 
temperature.  Maximum thermal diffusivity was achieved at room temperature for the 
alumina at all SPS temperatures (1000ᵒC, 1300ᵒC and 1400ᵒC). The trend of specific heat 
capacity (figure 51) of monolithic alumina with temperature is contrary to thermal 
diffusivity. Specific heat capacity increase progressively with the measuring temperature 
and at high temperatures, it appears constant with the measuring temperatures. For 
example, alumina sintered at 1400ᵒC, the specific heat capacity measured at 25ᵒC was 
1.22J/gK which increase to 1.55J/gK as the measuring temperature is increased to 250ᵒC. 
The variation of thermal conductivity of monolithic alumina with temperature is 
presented in figure 52. It is obvious that the thermal conductivity of pure alumina 
decrease with the measuring temperature. At room temperature the thermal conductivity 
of monolithic alumina is 34.44W/mK which steadily reduced to 18.3W/mK at 250ᵒC. 
 The influence of temperature on the thermal properties (thermal diffusivity, specific heat 
capacity and thermal conductivity) of Alumina-SiC nanocomposites are shown in the 
figure 53, figure 54 and figure 55 respectively. The thermal diffusivity decrease with the 
measuring temperature (figure 53). At room temperature of 25ᵒC, the thermal diffusivity 
of all the nanocomposites are in the range of 6-7mm2/s. The thermal diffusivity decrease 
with temperature and at 250ᵒC, the thermal diffusivity of all the nanocomposites are in 
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the range of 3-4mm2/s. The reduction in the thermal diffusivity can be linked to the 
increasing crystal lattice vibration of alumina matrix as the temperature increase. The 
more the crystal lattice vibrations, the more the phonons are scattered and the less the 
thermal diffusivity. Parchiovansky et al.[17] stated that the thermal diffusivity decrease 
gradually with the measuring temperature such that at 1000ᵒC, the thermal diffusivity is 
one magnitude lower than the thermal diffusivity at room temperature for Alumina-SiC 
nanocomposites.  Other researchers[105,111] equally agreed that the thermal diffusivity 
and thermal conductivity decrease with the measuring temperature.  The trend of specific 
heat capacity variation with the measuring temperature is actually in the opposite sense to 
that of thermal diffusivity and thermal conductivity. The specific heat capacity (figure 
54) increase gradually with the measuring temperature. The specific heat capacity of all 
the nanocomposites at 25ᵒC are in the range of 0.7-0.9J/gK and this increase to 0.92-
1.2J/gK at 250ᵒC. However, it is clear from the figure 54 that the specific heat capacity at 
high temperature (200ᵒC and above) do not change significantly with the measuring 
temperature.   
 The mechanism of specific heat capacity increment with the measuring temperature is 
still not clear. The increasing specific heat capacity with temperature can be link to 
increase in the amplitude of atomic vibrations with rise in temperature and the larger this 
vibration, the higher the thermal energy. The thermal energy is the measure of all the 
phonons (vibrational waves) existing in the crystals of material at a given temperature. 
The trend of thermal conductivity variation with the measuring temperature is the same 
as that displayed by thermal diffusivity. The thermal conductivity decrease progressively 
with measuring temperature and this is due to the increasing higher amplitude of thermal 
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vibrations of alumina crystal lattice at high temperatures which scattered the propagation 
of phonon waves. As shown in figure 48, the thermal conductivity of alumina-5wt%SiC 
nanocomposite measured at room temperature is about 24W/mK but this decreases to 
16W/mK at 250ᵒC. Thus, thermal diffusivity and thermal conductivity decrease with the 
measuring temperature while that of specific heat capacity increase as the measuring 
temperature increased.  
 
Figure 50 Variation in thermal diffusivity of Alumina with temperature. 
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Figure 51 Variation in Specific heat capacity of Alumina with temperature. 
 
Figure 52 Variation in thermal conductivity of Alumina with temperature. 
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Figure 53 Variation of thermal diffusivity with Measuring temperature. 
 
Figure 54 Variation of Heat capacity with Measuring temperature. 
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Figure 55 Variation of Thermal Conductivity with measuring temperature. 
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4.5 Electrical Conductivity of alumina-based Nanocomposites 
4.5.1 Electrical Conductivity of Alumina-SiC Nanocomposites 
 
The electrical conductivity of Al2O3-SiC nanocomposites prepared at high milling 
conditions presented in table 8 shall not be discussed due to contamination problem that 
result to change in the milling condition from high to low milling process.  
The electrical conductivity mechanism of Alumina-SiC nanocomposite material is as a 
result of establishment of conductive interconnected network of SiC nanoparticles in the 
alumina matrix. The magnitude of electrical conductivity achieved on the Al2O3-SiC 
nanocomposite depends on the extent of distribution of the conductive SiC nanophase in 
the dielectric alumina matrix.  Again, the position of SiC nanoparticles will be affected 
by the alumina matrix evolution. Table 9 shows the DC electrical conductivity of 
Alumina-SiC nanocomposites measured at room temperature. The electrical conductivity 
was found to increase with SPS temperature and the SiC nanoparticle volume fraction. 
For instance, alumina containing 10wt%SiC densified at 1500ᵒC by SPS has the 
maximum DC electrical conductivity (2.65E-05) among the Alumina-SiC 
nanocomposites and this reduced to 4.04E-06S/m when the sintering temperature 
decreased to 1400ᵒC. The results achieved in the present work is in agreement with the 
room temperature DC electrical conductivity results reported by Borrel et al. [17] after 
hot pressing alumina containing 17vol%SiC at a sintering temperature of 1740ᵒC. 
Maximum DC electrical conductivity of 4.05×10-2S/m was measured at room 
temperature. The trend of the result achieved in this current work indicates that electrical 
conductivity increase with SiC contents. This is because, as more SiC particles are added 
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to alumina, more connected network of SiC conductive paths are formed and this 
facilitates the flow of electricity in the nanocomposite material. The influence of 
electrical conductivity of dielectric system with addition of conductive second phase can 
be explained by the concept of percolation theory[119,129], that describes the correlation 
between electrical conductivity and the volume fraction of the dispersed second phase 
particles. Percolation theory explain the probability of formation of conductive network 
with the addition of a given volume fraction or concentration of the conductive second 
phase material. Homogenous distribution of the conductive nanophase can significantly 
reduce the percolation threshold (the amount of conductive second phase required to form 
a conductive network path). Stauffer and McLaclan[119], estimated 17Vol% as the 
minimum volume fraction of second phase to create a conductive network path. 
Sawaguchi et al.[88], reported 1013Ώcm as the electrical resistivity of Al2O3/SiC 
composites containing 10vol%SiC. However, when the volume fraction of SiC increased 
to 20vol%, the electrical resistivity decreased to 106Ώcm. H o et al. [130], stated that 
when the volume concentration of the conductive secondary phase is in the proximity of 
percolation threshold, the electrical conductivity of the composite was affected by the 
microstructure. The effect of volume fraction and the grain size (coarse or fine-grained) 
of SiC particles as well as the mean size of the Al2O3 matrix was investigated by 
Parchiovansky et al. [17]. They concluded that the electrical conductivity of Al2O3 was 
improved significantly with the increasing volume faction of the SiC content. The 
maximum electrical conductivity of 4.05×10-2S/m was evaluated for alumina containing 
20vol% coarse SiC. Lux[118], affirmed that for Al2O3-SiC nanocomposites, electrical 
conduction is entirely through the connected network of SiC located in the alumina or at 
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the grain boundaries. Thus, the observations of all the authors are in agreement with the 
results achieved in this current work. The enhancement in DC electrical conductivity of 
Alumina-SiC nanocomposites with SPS temperature as presented in this work can be 
explain in two ways. Firstly, Increasing SPS temperature encourages the growth of 
alumina grain at constant SiC particle contents. Large grains imply low density grain 
boundaries and this means that there are small paths available for the SiC particles to 
form interconnected paths. Thus increase the electrical conductivity. Secondly, the 
mechanism of SPS consolidation involves simultaneous heating and pressing of the 
nanopowders to form bulk nanocomposites. This act decreases the gap between the 
individual nanoparticles and nanocrystalline thereby promoting tunneling effect. 
Effective distribution of SiC particles in alumina using sonication and planetary ball 
milling as used in this work could be the factor responsible for low percolation threshold. 
Zhan and Mukherjee [71], reported that the DC electrical conductivity of pure alumina is 
the range of 10-10-10-12S/m. Therefore, the result achieved in this work showed that the 
electrical conductivity of the alumina has been improved with the addition of as low as 
5wt%SiC nanoparticles. It is important to know that the grain refinement which impairs 
thermal properties of Al2O3-SiC nanocomposites as reported in this work promote the 
electrical conductivity of the nanocomposites. This is because the mechanism of 
electrical conduction is different from that of thermal transport. Electrical conduction in 
semi-conductors is entirely by holes and electrons while that of thermal transport is by 
phonons. Decreasing the grain size of alumina reduce the amount of SiC particles 
submerged by the alumina grains and this increase the number of SiC particles at the 
interpositions (grain boundaries). SiC nanoparticles located at the grain boundaries 
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contribute to the formation of the interconnected network paths for electrical 
conduction[18]. Thus refined microstructure in this case favor the electrical conductivity 
of the nanocomposites.  
DC electrical conductivity of alumina-CNT nanocomposites are presented in table 10. 
The electrical conductivity of Al2O3-MWCNT nanocomposites increase with the 
MWCNT contents and the SPS temperature. Maximum electrical conductivity of 
alumina-CNT nanocomposite achieved in this current work is 101S/m on alumina 
containing 2wt%MWCNT at 1500ᵒC SPS temperature while the minimum electrical 
conductivity was 0.43S/m on alumina containing 1wt%MWCNT consolidated at 1300ᵒC. 
CNTs has significant effect on the electrical behavior of alumina dielectric. Addition of 
small amount of CNT as low as 0.5wt% can change the electrical behavior of alumina 
from insulator to a semi-conductor[120]. The high aspect ratio of CNT has profound 
influence on its electrical behavior. Electrons can easily flow through the CNTs than 
spherical particles which has short mean free path than CNTs. The electrical conductivity 
of ceramics-CNT nanocomposite obey the powder law equation. 
𝜎𝑑𝑐 = 𝜎𝑐(𝑃𝑀𝑊𝑁𝑇 − 𝑃𝐶 )
𝑡 ,  for PMWNT>Pc ..........................................................(4.3) 
Where 𝜎𝑑𝑐 and 𝜎𝑐are the DC conductivities of the composite and conducting component 
respectively. 𝑃𝑀𝑊𝑁𝑇 and 𝑃𝐶  are the weight fraction of the MWNT and the percolation 
threshold. The exponent t is a dimensional constant usually in the range of 1.33-2.0. For 
alumina-CNT nanocomposites, the tunneling resistance due to inter-nanotube 
connections or the alumina insulating barrier between the nanotubes play significant role 
in the effective electrical conductivity of the nanocomposites and that implies that the 
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electrical conductivity in this nanocomposites is controlled by the fluctuation induced 
tunneling mechanism. The hoping transport of electron through CNT separated by 
insulating barrier dictates the conductivity behavior of CNT-ceramics nanocomposites. 
Thus, the CNT contents (1 and 2wt%) used in this work is greater than the percolation 
threshold value, hence the change in electrical behavior of alumina from insulator to 
semi-conducting material. comparing the current result with Ahmad and Pan[120] who 
reported maximum DC electrical conductivity of alumina containing 3wt%CNT as 
1.35S/m, we can say that the electrical conductivity of alumina has been improved 
significantly.  Also, Inam et al.[70], reported 80S/m as the DC electrical conductivity of 
alumina containing 2wt%MWCNT sintered by SPS at 1600ᵒC. The higher result 
achieved in this current work is as a result combination of effective distribution of CNT 
in the alumina matrix and the use of SPS consolidation techniques which prevent damage 
to the nanotubes and maintained their functional integrity. 
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Table 8 DC Electrical conductivity of Al2O3-SiC Nanocomposites prepared at high 
milling conditions. 
Nanocomposites SPS temperature (ᵒC) Electrical Conductivity 
(S/m) 
Al2O3-10SiC 1500 1.00E-05±4.00078E-07 
Al2O3-10SiC 1400 9.50E-07±1.06978E-08 
Al2O3-10SiC 1300 3.20E-07±4.05194E-09 
Al2O3-5SiC 1500 5.27E-08±2.13312E-09 
Al2O3-5SiC 1400 2.91E-09±2.55624E-10 
Al2O3-5SiC 1300 1.28E-09±4.34809E-11 
 
 
Table 9 DC electrical conductivity of Alumina-SiC nanocomposites prepared at low 
milling conditions. 
Nanocomposites SPS temperature (ᵒC) Electrical Conductivity 
(S/m) 
Al2O3-10SiC 1500 2.65E-05±1.52475E-08 
Al2O3-10SiC 1400 4.04E-06±2.58079E-08 
Al2O3-5SiC 1500 1.29E-07±4.05531E-09 
Al2O3-5SiC 1400 9.57E-08±1.05451E-08 
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Table 10 DC electrical conductivity of alumina-CNT nanocomposites. 
Nanocomposites SPS temperature (ᵒC) Electrical Conductivity 
(S/m) 
Al2O3-2MWCNT 1500 101.1181±2.195 
Al2O3-2MWCNT 1400 96.54306±1.696 
Al2O3-2MWCNT 1300 65.49757±0.5039 
Al2O3-1MWCNT 1500 7.770615±0.0839 
Al2O3-1MWCNT 1400 1.386913±0.01026 
Al2O3-1MWCNT 1300 0.431754±0.00599 
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4.6 Microstructural Analysis of Nanocomposite 
4.6.1 FE-SEM microstructure of the Nanocomposites. 
 
The microstructure Alumina-SiC nanocomposite can be control through the careful 
addition of SiC particles. SiC particle can refine the alumina matrix through the pinning 
of the alumina matrix grains. Also the nature of the interface formed between the SiC and 
the alumina determine the magnitude of the interfacial thermal resistance. High thermal 
resistance can degrade the thermal diffusivity and thermal conductivity of the composites. 
Figure 56 shows the FE-SEM images of thermal etched Alumina-SiC nanocomposites at 
1500ᵒC SPS temperature.  The grain sizes are very small as found in the images which 
implies large grain boundaries. From the FE-SEM image (figure 56a) the average grain 
size of alumina is around 120nm and this explain the reduction in the thermal 
conductivity of alumina with addition of SiC nanoparticles. Reduction in the size of the 
alumina grains due to increase in SiC nanoparticles content to 10wt% result in decreasing 
the alumina grain size (figure 56b) such that the grain boundaries are now difficult to see. 
Thus corroborates the lower thermal conductivities of alumina-10wt%SiC 
nanocomposites as reported in figure 48. 
Figure 57 shows FE-SEM fractured surface images of monolithic alumina and Al2O3-
5wt%SiC nanocomposite. Monolithic alumina (pure alumina) has large grain size (figure 
57a) relative to the nanocomposite (figure 57b) and this clearly shows that addition of 
5wt%SiC nanoparticles to alumina reduce the grain size and strengthened the grain 
boundaries. Refinement of the alumina grain by the SiC nanoparticle addition is well 
established in the literature. This form the basis of superior mechanical properties of 
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Al2O3-SiC nanocomposites; although thermal properties reduce as evident in this work 
due to existence of large grain boundaries that promotes phonon scattering. Also, figure 
58 represent the FE-SEM of pure alumina and alumina containing 10wt%SiC 
nanocomposites. The same phenomenon exhibited in figure 57 is equally displayed here. 
It is obvious that the alumina grain size reduced drastically with the addition of 
10wt%SiC nanoparticles. Thus, it is clear that SiC nanoparticle inclusion in alumina 
matrix refine the microstructure of alumina and this explain the reduction in the thermal 
properties of alumina. Microstructural refinement does not have immense effects on the 
electrical conductivity of Alumina-SiC nanocomposites as the SiC nanoparticles 
inclusion promote the electrical conductivity of alumina as shown in table 10. 
Figure 59 shows the FE-SEM of fractured surface of Al2O3-1wt%MWCNT and Al2O3-
2wt%MWCNT nanocomposites. The presence of CNTs at the grain boundaries of 
alumina were observed. The inhibition of the growth of alumina grains with the addition 
of MWCNT is more glaring in alumina containing 2wt%MWCNT (figure 59b) than 
1wt% MWCNT (figure 59a). figure 60 shows the agglomeration of MWCNTs in alumina 
matrix and this occurs in both alumina 1wt%MWCNT (figure 60c) and 2wt%MWCNT 
(figure 60d). the agglomerated CNTs impairs the thermal properties of the 
nanocomposites through phonon scattering although formation of connected network of 
CNTs in the alumina matrix as shown in figure 60 enhances the electrical conductivity of 
the nanocomposites. 
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Figure 56 FE-SEM images (a) alumina-5wt%SiC (b) alumina-10wt%SiC 
Nanocomposites after thermal etching. 
 
  
Figure 57 FE-SEM images of fractured surface (a) pure alumina (b) Al2O3-5SiC 
nanocomposite at SPS 1500ᵒC. 
a b 
a b 
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Figure 58 FE-SEM images of fractured surface (c) pure alumina (b) Al2O3-10SiC 
nanocomposites at SPS 1500ᵒC. 
 
  
Figure 59 FE-SEM images of Al2O3-MWCNT Nanocomposites (a) 1wt%MWCNT 
(b)2wt%MWCNT at SPS 1500ᵒC. 
c d 
a b 
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Figure 60 FE-SEM of Al2O3-MWCNT nanocomposites showing agglomeration (a) 
1wt%MWCNT (b) 2wt%MWCNT at SPS 1500ᵒC. 
 
4.6.2 XRD Analysis of Nanocomposites 
 
X-ray diffraction analysis was done on the nanocomposites to determine if there is any 
phase formed during sintering of the nanopowders. Figure 61 is the XRD of Alumina-
5wt%SiC nanocomposites at SPS 1400ᵒC and 1500ᵒC. The peaks of α-alumina and β-
SiC were identified and they are equally matching with the standard peaks as evaluated 
with the EVA software (not shown). There were no other peaks identified and that 
probably means that there were no other phases exist or not to measurable extent of the 
XRD instrument. Slight shift in the peaks position between the Al2O3-5wt%SiC at 1400 
and 1500ᵒC SPS temperature was observed which might due to the strain developed as a 
result of the elastic and coefficient thermal expansion mismatch between the SiC and 
alumina matrix. Figure 62 shows the XRD of Al2O3-10wt%SiC nanocomposites at 1400 
and 1500ᵒC respectively. The peaks of α-alumina and β-SiC were equally identified. 
There was no other peak observed which implies that the nanocomposites were thermally 
c d 
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stable even at 1500ᵒC SPS temperature. Besides, there was no observable difference in 
the peak width between 1400 and 1500ᵒC SPS temperature meaning that there was no 
significant grain growth of the nanocomposites as the SPS temperature increase from 
1400ᵒC to 1500ᵒC.  
The X-ray diffraction of alumina-CNT nanocomposites were equally studied. Figure 63 
shows the XRD of alumina-1wt%MWCNT nanocomposites densified by SPS at 1300 
and 1500ᵒC. The peaks at 1300ᵒC match with the peaks at 1500ᵒC and there was no new 
phase formed to measurable extent of the XRD instrument. This clearly showed that there 
was no reaction between alumina and CNT as equally evident in the FE-SEM images. 
Also, CNT integrity was maintained even at high temperature of 1500ᵒC. Thus, the 
electrical performance of the nanocomposites is attributed to the stability of the electro-
conductive nanophase added to alumina sintered at high SPS temperature of 1300ᵒC, 
1400ᵒC and 1500ᵒC respectively.  
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Figure 61 X-ray diffraction of Alumina-5wt%SiC nanocomposites sintered at 1400ᵒC and 
1500ᵒC SPS temperature. 
 
 
Figure 62 X-ray diffraction of Alumina-10wt%SiC nanocomposites sintered at 1400ᵒC 
and 1500ᵒC SPS temperature. 
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Figure 63 X-ray diffraction of Alumina-1wt%MWCNT nanocomposites sintered at 1300 
and 1500ᵒC. 
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12 CHAPTER 5 
CONCLUSIONS AND RECOMMENDATIONS 
5.1 Conclusions 
Fabrication of Alumina-SiC and alumina-carbon nanotubes nanocomposites have been 
successfully developed by spark plasma consolidation of the nanopowders at various SPS 
conditions (1300ᵒC, 1400ᵒC, 1500ᵒC, 50MPa, 100ᵒC/min, and 10min holding time). 
Densification studies on the nanocomposites and the monolithic alumina were done using 
Archimedes’ method. The relative density of pure alumina increase steadily with SPS 
temperature however, addition of SiC nanoparticles and functionalized MWCNT to 
alumina result in the reduction of the density and the degree of this reduction depends on 
the concentration of the nanophase. Thermal properties which include thermal diffusivity, 
specific heat capacity and thermal conductivity of the nanocomposites at all SPS 
temperature were all lower than the value of monolithic alumina. Maximum thermal 
conductivity (34.44W/mK) was achieved on monolithic alumina densified by SPS at 
1400ᵒC which reduced to about 42% and 17.2% on the addition of 5wt%SiC 
nanoparticles and 1wt%MWCNT respectively densified by SPS at 1500ᵒC. This 
reduction in thermal properties of alumina with the inclusion of SiC nanoparticles and 
MWCNT was attributed to the microstructure refinement and agglomeration of CNT 
respectively. In addition, the influence of temperature on thermal properties was equally 
evaluated in the temperature range (25-250ᵒC) and it was discovered that the thermal 
diffusivity and thermal conductivity decrease with the measuring temperature while the 
specific heat capacity increase with the increasing temperature.  
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The electrical conductivity studied on the nanocomposites showed significant 
enhancement in the electrical conductivity of alumina with the addition of secondary 
nanophase. The increasing electrical conductivity with addition of SiC and MWCNT was 
attributed to the additional interconnected network path created as the concentration of 
the nanophase increases. Besides concentration effect, the electrical conductivity also 
increases with SPS temperature although the influence of nanophase concentration is 
more significant than SPS temperature. Microstructural examination through FE-SEM 
images showed that the grains size of alumina was reduced with the addition of SiC and 
MWCNT nanophase. The small grain sizes were observed on the thermal etched images 
with large grain boundaries and this explained the reduction in the thermal properties of 
alumina with the addition of SiC and MWCNT. X-ray diffraction do not indicate extra 
peaks and this probably mean that the nanocomposites were stable even at high SPS 
temperature of 1500ᵒC. However, the presence of SiC Were observed at 5wt% and 
10wt% SiC concentration while CNT was no detected as the concentration is below the 
detection limit of XRD instrument. 
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5.2 Recommendations 
The followings are the recommendations for the future work 
1. Special drying techniques such as freeze drying should be adopted for drying of 
the slurry after wet dispersion. This prevents the re-agglomeration of the prepared 
powder during conventional drying that impairs the expected performance of the 
resulting nanocomposites. 
2. The composition of MWCNT in the range of 0.6wt% to 0.8wt% should be tried as 
the percolation threshold exist within this range. This will prevent agglomeration 
of the MWCNT and thereby improve thermal properties of the resulting 
nanocomposites. 
3. Other consolidation techniques such as HIP, CIP and HP should be used for the 
consolidation of the nanopowders and compare the results with the SPS results 
presented in this work. 
4. Mechanical properties of the developed nanocomposites should be measured so as 
draw better conclusions on the performance application of the nanocomposites 
developed. 
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